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Once again, to Sheila 
With love 


The eighth edition of Principles of Electric Circuits: Conventional Current Version provides 
a complete and straightforward coverage of the basics of electrical components and circuits. 
Fundamental circuit laws and analysis methods are explained and applied in a variety of ba- 
sic circuits. Applications, many of which are new to this edition, are emphasized, and most 
chapters have a special feature called A Circuit Application Troubleshooting continues to be 
an important part of this edition, and many chapters have a separate section devoted to the 
topic. 


New in This Edition 


° 


° 


a 


Text layout and design 
Multisim files for selected examples 


Multisim 8 files, in addition to Multisim 2001 and Multisim 7, for Troubleshooting 
and Analysis problems 


Phasor coverage has been moved to Chapter 11, Introduction to Alternating Current 
and Voltage 


Complex number coverage has been moved to Chapter 15, RC Circuits 
New problems in most chapters 
Numerous miscellaneous improvements throughout 


Innovative PowerPoint® slides for each chapter available on CD-ROM 


Features 


¢ 


+ 


Full-color format 


Chapter openers with a chapter outline, introduction, chapter objectives, key terms 
list, and website reference 


An introduction and objectives at the beginning of each section within a chapter 
A Circuit Application feature at the end of most chapters 

Abundance of high-quality illustrations 

Short biographies of key figures in the history of electricity in several chapters 


Safety Notes located at appropriate points throughout the text and identified by a 
special logo 


Many worked examples 
A Related Problem in each worked example with answers at the end of the chapter 


Section Reviews with answers at the end of the chapter 


vi 


a 
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¢ Troubleshooting section in many chapters 
¢ Summary at the end of each chapter 


* Key terms defined at the end of the chapter and in the comprehensive glossary at the 
end of the book 


¢ Formula list at the end of each chapter 
* Self-test at the end of each chapter with answers at the end of the chapter 


¢ A Circuit Dynamics Quiz that tests the student’s grasp of what happens in a circuit as 
a result of certain changes or faults. Answers are at the end of the chapter. 


¢ Sectionalized problem set for each chapter, with the more difficult problems indi- 
cated by an asterisk. Answers to odd-numbered problems are at the end of the book. 


¢ A comprehensive glossary at the end of the book that defines all boldface and key 
terms in the textbook 


¢ The conventional direction of current is used. (An alternate version of this text uses 
electron-flow direction.) 


Accompanying Student Resources 


Experiments in Basic Circuits, Eighth Edition: lab manual by David Buchla (ISBN: 
0-13-170181-9). Solutions are provided in the Instructor’s Resource Manual. 


Experiments in Electric Circuits, Eighth Edition: lab manual by Brian Stanley 
(ISBN: 0-13-170180-0). Solutions are provided in the Instructor’s Resource Manual. 


Multisim® CD-ROM: Packaged with each text, this CD contains a set of Multisim 
circuit files referenced in the text. Many of these circuits have hidden faults. All circuit 
files are provided on the CD-ROM in Multisim 2001®, Multisim 7®, and Multisim 8°. 
Circuit files in later versions of Multisim will be posted to the Companion Website at 
www.prenhall.com/floyd as subsequent versions of the software are developed by the 
manufacturer, Electronics Workbench. 

These Multisim circuit files are provided for use by anyone who has Multisim soft- 
ware. Anyone who does not have Multisim software and wishes to purchase it in order 
to use the circuit files may do so by ordering it from www.prenhall.com/ewb. However, 
although the circuit files are intended to complement classroom, textbook, and labora- 
tory study, it is not necessary to use these files in order to successfully study dc/ac cir- 
cuits or use Floyd’s Principles of Electric Circuits, Eighth Edition. 


Companion Website (www.prenhall.com/floyd): For the student, this website offers 
the opportunity to test his or her own progress and practice answering sample test questions. 


Instructor Resources 


To access supplementary materials online, instructors need to request an instructor access code. 
Go to www.prenhall.com, click the Instructor Resource Center link, and then click 
Register Today for an instructor access code. Within 48 hours after registering you will receive 
a confirming e-mail including an instructor access code. Once you have received your code, go 
to the site and log on for full instructions on downloading the materials you wish to use. 


PowerPoint® Slides A completely new set of innovative PowerPoint® slides, created by 
David M. Buchla, dynamically illustrates key concepts in the text. Each slide contains a 
summary with examples, key term definitions, and a quiz for each chapter. This is an 
excellent tool for classroom presentation to supplement the textbook. Another folder of 
PowerPoint® slides contains all figures from the text. The PowerPoints® are available on 
both CD and the Internet. 
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» FIGURE P-1 


A typical chapter opener. 


Instructor’s Resource Manual Includes solutions to chapter problems, solutions to A Cir- 
cuit Application features, a test item file, Multisim circuit file summary, and solutions to both 
lab manuals. Available in print and online. 


Prentice Hall TestGen This is a computerized test bank. Available on CD-ROM and online. 


illustration of Chapter Features 


Chapter Opener Each chapter begins as shown in Figure P—1. Each chapter opener in- 
cludes the chapter number and title, a brief introduction, lists of text sections and chapter 
objectives, a key terms list, A Circuit Application preview, and a website reference for study 
aids and supplementary materials. 


Section Opener Each section in a chapter begins with a brief introduction that includes 
a general overview and section objectives. An illustration is given in Figure P—2. 


Section Review Each section in a chapter ends with a review consisting of questions or 
exercises that emphasize the main concepts covered in the section. An example is shown in 
Figure P-2. Answers to the Section Reviews are at the end of the chapter. 


Worked Examples and Related Problems Numerous worked examples throughout each 
chapter help to illustrate and clarify basic concepts or specific procedures. Each example ends 
with a Related Problem that reinforces or expands on the example by requiring the student to 
work through a problem similar to the example. Selected examples have a Multisim circuit 
exercise. A typical worked example with a Related Problem is shown in Figure P-3. 
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> FIGURE P-2 Section review questions 
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ter 1 indicate? Voltmeter 27 
Mel circuit retated? 


6-3 _Kircunorr’s Current Law 
Kirchhoff's voltage law deals wah voltages in a single closed path. Karchhoff’s current 
Introductory paragraph law applies to currents in multiple paths. 


° . After completing this section, you should be able to 
begins each section. eye ee 


Performance-based 
section objectives. 


Kirchhoff’s corrent Law. often abbreviaied KCL, can be stated as follows: 


‘The sum of the currents Into a node (total current in) is equal to the sum of the cur- 
rents out of that node (total current out). 


A nodle is any point or guncton in a circuit where two or more components are connected, 
In a parallel circuit, a node or junction 1s a point where the parallel branches come together. 
For example, in the curcunt of Figure 6-12, point A is one node and pou & ts another. Let's 
‘Start at the positive terminal of the source and follow the current. The total current J; from the 
‘source 1s info node A. At this point, the current splits up among the three branches as mdi- 
caled. Each of the three branch currents (/), 4, and f3) 1s our of node A. Kirchhoff’s current 
Taw says thar the total current mto node A is equal to the tota) current out of node A; thal 1s, 


h-hthth 


Now, following the currents sn Figure 6-12 through the three branches, you see 
thit they come back together at node B Currents 4, f2, and Jy are into node B, and 
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A typical worked example and 
related problem. 


Branch Currents 


‘Using the currest-divider formula, Kirchhoff’s carrent lw, Ohm's Law, or combinations 
‘Of these, you can find the current in any branch of a senes-parafiel cireuit. In some 
‘cases, it may Lake repeated application of the formula to find a grvea current. The Fot- 
Jowing two examples will help you wnderstand the procedure (Notice that the sub- 
scripts for the current variables (2) match the R subscripts. for exaraple, curremn rough 
Ry in referred toes J; ) 
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‘Shmpilfied block dagsaen of basic radio receiver ‘Test bench setup. 


Realistic instrument and circuit board graphics 


» FIGURE P-4 
A portion of a typical A Circuit Application feature. 


Troubleshooting Sections Many chapters include a troubleshooting section that relates 
to the topics covered in the chapter and emphasizes logical thinking as well as a structured 
approach called APM (analysis, planning, and measurement) where applicable. Particular 
troubleshooting methods, such as half-splitting, are applied when appropriate. 


A Circuit Application This special feature at the end of each chapter (except Chapters 1 
and 21) presents a practical application of certain topics covered in the chapter. Each of 
these features includes a series of activities, many of which involve comparing circuit 
board layouts with schematics, analyzing circuits, using measurements to determine circuit 
operation, and in some cases, developing simple test procedures. Results and answers are 
found in the Instructor’s Resource Manual (IRM). A portion of a representative A Circuit 
Application feature is illustrated in Figure P—4. 


Chapter End Matter The following pedagogical features are found at the end of each 
chapter: 


¢ Summary 

¢ Key terms glossary 

¢ Formula list 

¢ Self-Test 

¢ Circuit Dynamics Quiz 


@ Problems 
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¢ Answers to section reviews, related problems for examples, self-test, and the circuit 
dynamics quiz 


Suggestions for Teaching with Principles of Electric Circuits 


Selected Course Emphasis and Flexibility of the Text This textbook is designed pri- 
marily for use in a two-term course sequence in which dc topics (Chapters 1 through 10) 
are covered in the first term and ac topics (Chapters 11 through 21) are covered in the sec- 
ond term. A one-term course covering de and ac topics is possible but would require very 
selective and abbreviated coverage of many topics. 

If time limitations or course emphasis restrict the topics that can be covered, as is usu- 
ally the case, there are several options for selective coverage. The following suggestions for 
light treatment or omission do not necessarily imply that a certain topic is less important 
than others but that, in the context of a specific program, the topic may not require the em- 
phasis that the more fundamental topics do. Because course emphasis, level, and available 
time vary from one program to another, the omission or abbreviated treatment of selected 
topics must be made on an individual basis. Therefore, the following suggestions are in- 
tended only as a general guide. 


1. Chapters that may be considered for omission or selective coverage: 
Chapter 8, Circuit Theorems and Conversions 
Chapter 9, Branch, Loop, and Node Analyses 
¢ Chapter 10, Magnetism and Electromagnetism 
Chapter 18, Passive Filters 
Chapter 19, Circuit Theorems in AC Analysis 
Chapter 20, Time Response of Reactive Circuits 
¢ Chapter 2!, Three-Phase Systems in Power Applications 


2. A Circuit Application features and troubleshooting sections can be omitted without 
affecting other material. 


3. Other specific topics may be omitted or covered lightly on a section-by-section ba- 
sis at the discretion of the instructor. 


The order in which certain topics appear in the text can be altered at the instructor’s dis- 
cretion. For example, the topics of capacitors and inductors (Chapters 12 and 13) can be 
covered at the end of the dc course in the first term by delaying coverage of the ac topics 
in Sections 12-6, 12-7, 13-5, and 13-6 until the ac course in the second term. Another 
possibility is to cover Chapters 12 and 13 in the second term but cover Chapter 15 (RC 
Circuits) immediately after Chapter 12 (Capacitors) and cover Chapter 16 (RL Circuits) 
immediately after Chapter 13 (Inductors). 


A Circuit Application These features are useful for motivation and for introducing ap- 
plications of basic concepts and components. Suggestions for using these sections are: 


¢ As an integral part of the chapter to illustrate how the concepts and components can 
be applied in a practical situation. The activities can be assigned for homework. 


@ As extra credit assignments. 
¢ As in-class activities to promote discussion and interaction and to help students un- 


derstand why they need to know the material. 


Coverage of Reactive Circuits Chapters 15, 16, and 17 have been designed to provide 
two approaches to teaching these topics on reactive circuits. 


The first option is to cover the topics on the basis of components. That is, first cover all 
of Chapter 15 (RC Circuits), then all of Chapter 16 (RL Circuits), and, finally, all of Chap- 
ter 17 (RLC Circuits and Resonance). 

The second option is to cover the topics on the basis of circuit type. That is, first cover all 
topics related to series reactive circuits, then all topics related to parallel reactive circuits, and 
finally, all topics related to series-parallel reactive circuits. To facilitate this second approach, 
each of the chapters has been divided into the following parts: Part 1: Series Circuits, Part 2: 
Parallel Circuits, Part 3: Series-Parallel Circuits, and Part 4: Special Topics. So, for series 
reactive Circuits, cover Part 1 of all three chapters in sequence. For parallel reactive circuits, 
cover Part 2 of all three chapters in sequence. For series-parallel reactive circuits, cover Part 
3 of all three chapters in sequence. Finally, cover Part 4 of all three chapters. 


To the Student 


Any career training requires hard work, and electronics is no exception. The best way to 
learn new material is by reading, thinking, and doing. This text is designed to help you 
along the way by providing an overview and objectives for each section, numerous worked- 
out examples, exercises, and review questions. 

Read each section of the text carefully and think about what you have read. Sometimes 
you may need to read the section more than once. Work through each example problem step 
by step before you try the related problem that goes with the example. After each section, 
answer the review questions. Answers to the related problems and the section review ques- 
tions are at the end of the chapter. 

Review the chapter summary, the key term definitions, and the formula list. Take the 
multiple choice self test and the Circuit Dynamics Quiz. Check your answers against those 
at the end of the chapter. Finally, work the problems. Working problems is the most impor- 
tant way to check your comprehension and solidify concepts. Verify your answers to the 
odd-numbered problems with those provided at the end of the book. 


Careers in Electronics 


The field of electronics is very diverse, and career opportunities are available in many 
areas. Because electronics is currently found in so many different applications and new 
technology is being developed at a fast rate, its future appears limitless. There is hardly 
an area of our lives that is not enhanced to some degree by electronics technology. Those 
who acquire a sound, basic knowledge of electrical and electronic principles and are will- 
ing to continue learning will always be in demand. 

The importance of obtaining a thorough understanding of the basic principles contained 
in this text cannot be overemphasized. Most employers prefer to hire people who have both 
a thorough grounding in the basics and the ability and eagerness to grasp new concepts and 
techniques. If you have a good training in the basics, an employer will train you in the 
specifics of the job to which you are assigned. 

There are many types of job classifications for which a person with training in electron- 
ics technology may qualify. A few of the most common job functions are discussed briefly 
in the following paragraphs. 


Service Shop Technician Technical personnel in this category are involved in the repair 
or adjustment of both commercial and consumer electronic equipment that is returned to 
the dealer or manufacturer for service. Specific areas include TVs, VCRs, CD and DVD 
players, stereo equipment, CB radios, and computer hardware. This area also offers oppor- 
tunities for self-employment. 


Industrial Manufacturing Technician Manufacturing personnel are involved in the 
testing of electronic products at the assembly-line level or in the maintenance and trou- 
bleshooting of electronic and electromechanical systems used in the testing and manufac- 
turing of products. Virtually every type of manufacturing plant, regardless of its product, 
uses automated equipment that is electronically controlled. 
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ecognition for his work 
ormulating the relationship of 
current, voltage, and resistance. 
This mathematical relationship is 
known today as Ohm’s law and the 
unit of resistance is named in his 
honor. (Photo credit: Library of 
Congress, LC-USZ62-40943.) 


Laboratory Technician These technicians are involved in breadboarding, prototyping, 
and testing new or modified electronic systems in research and development laboratories. 
They generally work closely with engineers during the development phase of a product. 


Field Service Technician Field service personnel service and repair electronic equip- 
ment—for example, computer systems, radar installations, automatic banking equipment, 
and security systems—at the user’s location. 


Engineering Assistant/Associate Engineer Personnel in this category work closely 
with engineers in the implementation of a concept and in the basic design and development 
of electronic systems. Engineering assistants are frequently involved in a project from its 
initial design through the early manufacturing stages. 


Technical Writer Technical writers compile technical information and then use the infor- 
mation to write and produce manuals and audiovisual materials. A broad knowledge of a 
particular system and the ability to clearly explain its principles and operation are essential. 


Technical Sales Technically trained people are in demand as sales representatives for 
high-technology products. The ability both to understand technical concepts and to com- 
municate the technical aspects of a product to a potential customer is very valuable. In this 
area, as in technical writing, competency in expressing yourself orally and in writing is es- 
sential. Actually, being able to communicate well is very important in any technical job cat- 
egory because you must be able to record data clearly and explain procedures, conclusions, 
and actions taken so that others can readily understand what you are doing. 


Milestones in Electronics 


Before you begin your study of electric circuits, let’s briefly look at some of the important 
developments that led to the electronics technology we have today. The names of many of 
the early pioneers in electricity and electromagnetics still live on in terms of familiar units 
and quantities. Names such as Ohm, Ampere, Volta, Farad, Henry, Coulomb, Oersted, and 
Hertz are some of the better known examples. More widely known names such as Franklin 
and Edison are also significant in the history of electricity and electronics because of their 
tremendous contributions. Short biographies of some of these pioneers, like shown here, 
are located throughout the text. 


The Beginning of Electronics Early experiments with electronics involved electric cur- 
rents in vacuum tubes. Heinrich Geissler (1814-1879) removed most of the air from a glass 
tube and found that the tube glowed when there was current through it. Later, Sir William 
Crookes (1832-1919) found the current in vacuum tubes seemed to consist of particles. 
Thomas Edison (1847-1931) experimented with carbon filament bulbs with plates and dis- 
covered that there was a current from the hot filament to a positively charged plate. He 
patented the idea but never used it. 

Other early experimenters measured the properties of the particles that flowed in vac- 
uum tubes. Sir Joseph Thompson (1856-1940) measured properties of these particles, later 
called electrons. 

Although wireless telegraphic communication dates back to 1844, electronics is basi- 
cally a 20th century concept that began with the invention of the vacuum tube amplifier. An 
early vacuum tube that allowed current in only one direction was constructed by John A. 
Fleming in 1904. Called the Fleming valve, it was the forerunner of vacuum tube diodes. 
In 1907, Lee deForest added a grid to the vacuum tube. The new device, called the au- 
diotron, could amplify a weak signal. By adding the control element, deForest ushered in 
the electronics revolution. It was with an improved version of his device that made 
transcontinental telephone service and radios possible. In 1912, a radio amateur in San 
Jose, California, was regularly broadcasting music! 

In 1921, the secretary of commerce, Herbert Hoover, issued the first license to a broad- 
cast radio station; within two years over 600 licenses were issued. By the end of the 1920s 
radios were in many homes. A new type of radio, the superheterodyne radio, invented by 


Edwin Armstrong, solved problems with high-frequency communication. In 1923, 
Vladimir Zworykin, an American researcher, invented the first television picture tube, and 
in 1927 Philo T. Farnsworth applied for a patent for a complete television system. 

The 1930s saw many developments in radio, including metal tubes, automatic gain con- 
trol, “midget sets,” directional antennas, and more. Also started in this decade was the devel- 
opment of the first electronic computers. Modern computers trace their origins to the work of 
John Atanasoff at Iowa State University. Beginning in 1937, he envisioned a binary machine 
that could do complex mathematical work. By 1939, he and graduate student Clifford Berry 
had constructed a binary machine called ABC, (for Atanasoff-Berry Computer) that used 
vacuum tubes for logic and condensers (capacitors) for memory. In 1939, the magnetron, a 
microwave oscillator, was invented in Britain by Henry Boot and John Randall. In the same 
year, the klystron microwave tube was invented in America by Russell and Sigurd Varian. 

During World War II, electronics developed rapidly. Radar and very high-frequency com- 
munication were made possible by the magnetron and klystron. Cathode ray tubes were im- 
proved for use in radar. Computer work continued during the war. By 1946, John von Neumann 
had developed the first stored program computer, the Eniac, at the University of Pennsylvania. 
The decade ended with one of the most important inventions ever, the transistor. 


Solid-State Electronics The crystal detectors used in early radios were the forerunners 
of modern solid-state devices. However, the era of solid-state electronics began with the in- 
vention of the transistor in 1947 at Bell Labs. The inventors were Walter Brattain, John 
Bardeen, and William Shockley. PC (printed circuit) boards were introduced in 1947, the 
year the transistor was invented. Commercial manufacturing of transistors began in Allen- 
town, Pennsylvania, in 1951. 

The most important invention of the 1950s was the integrated circuit. On September 
12, 1958, Jack Kilby, at Texas Instruments, made the first integrated circuit. This inven- 
tion literally created the modern computer age and brought about sweeping changes in 
medicine, communication, manufacturing, and the entertainment industry. Many billions 
of “chips”—as integrated circuits came to be called—have since been manufactured. 

The 1960s saw the space race begin and spurred work on miniaturization and computers. 
The space race was the driving force behind the rapid changes in electronics that followed. 
The first successful “op-amp” was designed by Bob Widlar at Fairchild Semiconductor in 
1965. Called the 1A709, it was very successful but suffered from “Jatch-up” and other prob- 
lems. Later, the most popular op-amp ever, the 741, was taking shape at Fairchild. This op- 
amp became the industry standard and influenced design of op-amps for years to come. 

By 1971, anew company that had been formed by a group from Fairchild introduced the first 
microprocessor. The company was Intel and the product was the 4004 chip, which had the same 
processing power as the Eniac computer. Later in the same year, Intel announced the first 8-bit 
processor, the 8008. In 1975, the first personal computer was introduced by Altair, and Popular 
Science magazine featured it on the cover of the January, 1975, issue. The 1970s also saw the 
introduction of the pocket calculator and new developments in optical integrated circuits. 

By the 1980s, half of all U.S. homes were using cable hookups instead of television an- 
tennas. The reliability, speed, and miniaturization of electronics continued throughout the 
1980s, including automated testing and calibrating of PC boards. The computer became a 
part of instrumentation and the virtual instrument was created. Computers became a stan- 
dard tool on the workbench. 

The 1990s saw a widespread application of the Internet. In 1993, there were 130 web- 
sites, and now there are millions. Companies scrambled to establish a home page and many 
of the early developments of radio broadcasting had parallels with the Internet. In 1995, the 
FCC allocated spectrum space for a new service called Digital Audio Radio Service. Digi- 
tal television standards were adopted in 1996 by the FCC for the nation’s next generation 
of broadcast television. 

The 21st century dawned in January 2001. One of the major technology stories has been the 
continuous and explosive growth of the Internet. Internet usage in North America has in- 
creased by over 100% from 2000 to 2005. The rest of the world experienced almost 200% 


PREFACE 


e 


Xi 


xiv 


@ PREFACE 


growth during the same period. The processing speed of computers is increasing at a steady 
rate and data storage media capacity is increasing at an amazing pace. Carbon nanotubes are 
seen to be the next step forward for computer chips, eventually replacing transistor technology. 
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Units of Measurement 

Scientific Notation 

Engineering Notation and Metric Prefixes 
Metric Unit Conversions 


1APTER OBJECTIVES 


¥ ® Discuss the SI standard 
@ Use scientific notation (powers of ten) to represent quantities 


Use engineering notation and metric prefixes to represent large 
and small quantities 


® Convert from one unit with a metric prefix to another 


SI 

Scientific notation 
~@ Power of ten 
Exponent 
Engineering notation 
Metric prefix 


Study aids for this chapter are available at 
http://www. prenhall.com/floyd 


INTRODUCTION 


t UCTION 


You must be familiar with the units used in electronics and 
know how to express electrical quantities in various ways us- 
ing metric prefixes. Scientific notation and engineering nota- 
tion are indispensable tools whether you use a computer, a 
calculator, or do computations the old-fashioned way. 


» 
be 
-~ 
When you work with | 
electricity, you must ” 
always consider ~ 
safety first. Safety 
notes throughout the ad 
book remind you of ° 
the importance of safety and *» 
provide tips for a safe workplace. <> 
Basic safety precautions are af 


introduced in Chapter 2. 


2 ¢ QUANTITIES AND UNITs 


1-1 UNITS OF MEASUREMENT 


In the 19th century, the principal weight and measurement units dealt with commerce. 
As technology advanced, scientists and engineers saw the need for international stan- 
dard measurement units. In 1875, at a conference called by the French, representatives 
from eighteen nations signed a treaty that established international standards. Today, 
all engineering and scientific work use an improved international system of units, 

Le Systéme International d’Unités, abbreviated SI*. 


After completing this section, you should be able to 


® TABLE 1-1 
S$] fundamental units. 


® TABLE 1-2 


SI supplementary units, 


Fundamental and Derived Units 


The SI system is based on seven fundamental units (sometimes called base units) and two 
supplementary units. All measurements can be expressed as some combination of funda- 
mental and supplementary units. Table 1—1 lists the fundamental units, and Table 1-2 lists 
the supplementary units. 

The fundamental electrical unit, the ampere, is the unit for electrical current. Current is 
abbreviated with the letter / (for intensity) and uses the symbol A (for ampere). The ampere 
is unique in that it uses the fundamental unit of time (4) in its definition (second). All other 
electrical and magnetic units (such as voltage, power, and magnetic flux) use various com- 
binations of fundamental units in their definitions and are called derived units. 

For example, the derived unit of voltage, which is the volt (V), is defined in terms of 
fundamental units as m? - kg: s3-A7! As you can see, this combination of fundamental 
units is very cumbersome and impractical. Therefore, volt is used as the derived unit 


QUANTITY SYMBOL 


QUANTITY SYMBOL 


*All bold terms are in the end-of-book glossary. The bold terms in color are key terms and are also defined 
at the end of the chapter. 


UNITS OF MEASUREMENT @ 


Letter symbols are used to represent both quantities and their units. One symbol is used 
to represent the name of the quantity, and another symbol is used to represent the unit of 
measurement of that quantity. For example, P stands for power, and W stands for watt, 
which is the unit of power. Another example is voltage. In this case, the same letter stands 
for both the quantity and its unit. Italic V represents voltage and nonitalic V represents the 
volt. which is the unit of voltage. As a rule, italic letters stand for the quantity and nonitalic 
letters represent the unit of that quantity. 

Table 1-3 lists the most important electrical quantities, along with their derived SI units 
and symbols. Table 1-4 lists magnetic quantities, along with their derived SI units and 


symbols. 
QUANTITY SYMBOL SIUNIT — SYMBOL STARE 18 
; Electrical quantities and derived 
a e Bees units with Si symbols. 
Charge Q Coulomb Cc 
Conductance G Siemens s) 
Energy Ww Joule J 
Frequency f Hertz Hz 
Impedance Z Ohm 9} 
Inductance Mh Henry H 
Power P Watt WwW 
Reactance x Ohm 10) 
Resistance R Ohm QD 
Voltage Vv Volt Vv 
QUANTITY SYMBOL SI UNIT SYMBOL ete 3 
Magnetic field intensity H Ampere-turns/meter At/m MASHED aries ae aenved 
units with SI symbols. 
Magnetic flux 7) ‘Weber Wb 
Magnetic flux density B Tesla 1 
Magnetomotive force Ey Ampere-turn At 
Permeability ye Webers/ampere-turn » meter Wb/At > m 
Reluctance R Ampere-turns/weber At/Wb 


a fundamental unit differ from a derived unit? 
fundamental electrical unit? 


units, and unit symbols. 
teferring to Table 1—4, list as many magnetic quantities as possible, 
g their symbols, units, and unit symbols. 
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1—2 =SCIENTIFIC NOTATION 


In electrical and electronics fields, you will encounter both very small and very large 
quantities. For example, it is common to have electrical current values of only a few 
thousandths or even a few millionths of an ampere and to have resistance values rang- 
ing up to several thousand or several million ohms. 


After completing this section, you should be able to 


= 


— 


Scientific notation provides a convenient method to represent large and small num- 
bers and to perform calculations involving such numbers. In scientific notation, a quantity 
is expressed as a product of a number between | and 10 and a power of ten. For example, 
the quantity 150,000 is expressed in scientific notation as 1.5 x 10°, and the quantity 
0.00022 is expressed as 2.2 X 10+. 


Powers of Ten 


Table 1—5 lists some powers of ten, both positive and negative, and the corresponding dec- 
imal numbers. The power of tem is expressed as an exponent of the base 10 in each case 
(10*). An exponent is a number to which a base number is raised. It indicates the number 
of places that the decimal point is moved to the right or left to produce the decimal number. 
For a positive power of ten, move the decimal point to the right to get the equivalent deci- 
mal number. For example, for an exponent of 4, 


10* = 1 X 10* = 1.0000. = 10,000 
| 


For a negative the power of ten, move the decimal point to the left to get the equivalent deci- 
mal number. For example, for an exponent of —4, 


10 = 1 x 10> — 0001. = 00001 
\ ee 


v TABLE 1-5 
Some positive and negative powers of ten. 


SCIENTIFIC NOTATION @ 5 


EXAMPLE 1-1 Express each number in scientific notation. 
(a) 200 = (b) 5000 ~— (ce) 85,000 ~—_ (dd): 3,000,000 


Solution In each case, move the decimal point an appropriate number of places to the left to 
determine the positive power of ten. 


(a) 200 = 2 x 107 (b) 5000 = 5 x 10° 
(c) 85,000 = 8.5 x 104 — (d): 3,000,000 = 3 x 10° 


Related Problem Express 4750 in scientific notation. 


* Answers are at the end of the chapter. 


EXAMPLE 1-2 Express each number in scientific notation. 
(a) 0.2 (b) 0.005 (c) 0.00063 (d) 0.000015 


Solution In each case, move the decimal point an appropriate number of places to the right to 
determine the negative power of ten. 


(a) 0.2 =2 x 107! (b) 0.005 = 5 x 1073 
(c) 0.00063 = 6.3 X 10-4 = (d)- 0.000015 = 1.5 x 1075 


Related Problem Express 0.00738 in scientific notation. 


EXAMPLE 1-3 Express each of the following as a regular decimal number: 
aeiea0 hy 2x10 4 ()32x102 (d) 2.50 x 10° 


Solution Move the decimal point to the right or left a number of places indicated by the positive 
or the negative power of ten respectively. 


(a) 1 x 10° = 100,000 ~— (b) 2 X 10° = 2000 
(c) 3.2 X 107 = 0.032 =(d) 2.5 X 10 © = 0.0000025 


Related Problem Express 9.12 10° as a regular decimal number. 


Calculations Using Powers of Ten 


The advantage of scientific notation is in addition, subtraction, multiplication, and division 
of very small or very large numbers. 


Addition The steps for adding numbers in powers of ten are as follows: 
1. Express the numbers to be added in the same power of ten. 
2. Add the numbers without their powers of ten to get the sum. 


3. Bring down the common power of ten, which is the power of ten of the sum. 
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— eee 6 
‘press the result in scientific notation 


same power of ten: (2 X 10°) + (50 X 10°). 


sr of ten (10°); the sum is 52 X 10° = 5.2 x 10’. 


Subtraction The steps for subtracting numbers in powers of ten are as follows: 
1. Express the numbers to be subtracted in the same power of ten. 


2. Subtract the numbers without their powers of ten to get the difference. 


3. Bring down the common power of ten, which is the power of ten of the difference. 


Multiplication The steps for multiplying numbers in powers of ten are as follows: 


1. Multiply the numbers directly without their powers of ten. 


2. Add the powers of ten algebraically (the exponents do not have to be the same). 


Division The steps for dividing numbers in powers of ten are as follows: 


1. Divide the numbers directly without their powers of ten. 


2. Subtract the power of ten in the denominator from the power of ten in the numera- 


tor (the powers do not have to be the same). 


ENGINEERING NOTATION AND Metric PreFixes @® 7 


EXAMPLE 1-7 Divide 5.0 X 10° by 2.5 x 10° and express the result in scientific notation. 


Solution Write the division problem with a numerator and denominator as 


5.0 x 10° 
25 > 10° 
Divide the numbers and subtract the powers of ten (3 from 8). 
5.0 x 108 
ee = 2 X 10°? = 2 x 10° 
ALS) Xx NO) 


Related Problem Divide 8 x 10 by 2 x 107!°. 


jon uses powers of ten. (True or False) 
a power of ten. 

numbers in scientific notation: 
(©) 29,000,000 
numbers in scientific notation: 
9.00025 (c) 0.000000597 


(b) (3 x 10%)(2 x 10%) 


m 10”) fetes 10 *) — (1.3 x 10~”) 


1-3 ENGINEERING NOTATION AND METRIC PREFIXES 


Engineering notation, a specialized form of scientific notation, is used widely tn tech- 
nical fields to represent large and small quantities. In electronics, engineering notation 
is used to represent values of voltage, current, power, resistance, capacitance, induc- 

tance, and time, to name a few. Metric prefixes are used in conjunction with engineer- 
ing notation as a “short hand” for the certain powers of ten that are multiples of three. 


After completing this section, you should be able to 


e Use engineering notation and metric prefixes to represent large and small 
quantities 


¢ List the metric prefixes 
¢ Change a power of ten in engineering notation to a metric prefix 
¢ Use metric prefixes to express electrical quantities 


¢ Convert one metric prefix to another 


Engineering Notation 


Engineering notation is similar to scientific notation. However, in engineering notation 
a number can have from one to three digits to the left of the decimal point and the power- 
of-ten exponent must be a multiple of three. For example, the number 33,000 expressed in 
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EXAMPLE 1-8 


Solution 


Related Problem 


EXAMPLE 1-9 


Solution 


Related Problem 


engineering notation is 33 X 10°. In scientific notation, it is expressed as 3.3 X 107. As 
another example, the number 0.045 expressed in engineering notation is 45 X 10% In 
scientific notation, it is expressed as 4.5 X io 


Express the following numbers in engineering notation: 
(a) 82,000 (b) 243,000 (c) 1,956,000 

In engineering notation, 

(a) 82,000 is expressed as 82 X 10°. 

(b) 243,000 is expressed as 243 X 10°. 

(c) 1,956,000 is expressed as 1.956 x 10°. 


Express 36,000,000,000 in engineering notation. 


Convert each of the following numbers to engineering notation: 
(a) 0.0022 (b) 0.000000047 (c) 0.00033 

In engineering notation, 

(a) 0.0022 is expressed as 2.2 x 107. 

(b) 0.000000047 is expressed as 47 X 107°. 

(c) 0.00033 is expressed as 330 x 107°. 


Express 0.0000000000056 in engineering notation. 


TABLE 1-6 


Metric prefixes with their symbols 
and corresponding powers of ten 
and values. 


Metric Prefixes 


In engineering notation metric prefixes represent each of the most commonly used pow- 
ers of ten. These metric prefixes are listed in Table 1-6 with their symbols and correspon- 
ding powers of ten. 

Metric prefixes are used only with numbers that have a unit of measure, such as volts, 
amperes, and ohms, and precede the unit symbol. For example, 0.025 amperes can be 
expressed in engineering notation as 25 X 10° A. This quantity expressed using a metric pre- 
fix is 25 mA, which is read 25 milliamps. Note that the metric prefix milli has replaced 1012: 


METRIC PREFIX SYMBOL POWER OF TEN VALUE 

femto f ig one-quadrillionth 
pico p 162 one-trillionth 
nano ni 10° one-billionth 
micro wu on one-millionth 
milli m 10> one-thousandth 
kilo k 10° one thousand 
mega M 10° one million 

giga G 10° one billion 

tera * 16” one trillion 


ENGINEERING NOTATION AND METRIC PREFIXES @ 9 


As another example, 100,000,000 ohms can be expressed as 100 10° Q. This quantity 
expressed using a metric prefix is 100 M©,, which is read 100 megohms. The metric prefix 
mega has replaced 10°. 


‘using a metric prefix: 
000,000 — (c) 0.000036 A 


x 10°O = 25MO 


‘prefixes: 
(b) 0.000470 A 


Calculator Tip 


All scientific and graphing calculators provide features for entering and displaying num- 
bers in various formats. Scientific and engineering notation are special cases of exponen- 
tial (power of ten) notation. Most calculators have a key labeled EE (or EXP) that is used 
to enter the exponent of numbers. To enter a number in exponential notation, enter the base 
number first, including the sign, and then press the EE key, followed by the exponent, in- 
cluding the sign. 

Scientific and graphing calculators have displays for showing the power of ten. Some 
calculators display the exponent as a small raised number on the right side of the display. 


47.0% 
Other calculators display the number with a small E followed by the exponent. 
47.0E03 


Notice that the base 10 is not generally shown, but it is implied or represented by the E. 
When you write the number out, you need to include the base 10. The displayed number 
shown above is written out as 47.0 X 10°. 

Some calculators are placed in the scientific or engineering notation mode using a sec- 
ondary or tertiary function, such as SCI or ENG. Then numbers are entered in regular decti- 
mal form. The calculator automatically converts them to the proper format. Other 
calculators provide for mode selection using a menu. 

Always check the owner’s manual for your particular calculator to determine how to use 
the exponential notation features. 


engineering notation: 
0283 {Q) 950,000 (d) 375,000,000,000 
ach of the following powers of ten: 


and 10°? 
prefix to express 0.000001 A. 
to express 250,000 W. 
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1—4 Metric UNIT CONVERSIONS 


It is sometimes necessary or convenient to convert a quantity from one unit with a met- 
ric prefix to another, such as from milliamperes (mA) to microamperes (uA). Moving 
the decimal! point in the number an appropriate number of places to the left or to the 
right, depending on the particular conversion, results in a metric unit conversion. 


After completing this section, you should be able to 


ae a ie ass 


The following basic rules apply to metric unit conversions: 


1. When converting from a larger unit to a smaller unit, move the decimal point to the right. 
2. When converting from a smaller unit to a larger unit, move the decimal point to the left. 


3. Determine the number of places to move the decimal point by finding the difference 
in the powers of ten of the units being converted. 


For example, when converting from milliamperes (mA) to microamperes (wA), move the dec- 
imal point three places to the right because there is a three-place difference between the two 
units (mA is 10~? A and yA is 10°© A). The following examples illustrate a few conversions. 


t three places to the left. 
Peon < 10°A=5X10°A=5pA 
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EXAMPLE 1-14 Convert 47,000 picofarads (47,000 pF) to microfarads (j.F). 


Solution Move the decimal point six places to the left. 
47,000 pF = 47,000 x 10°! F = 0.047 x 10 °F = 0.047 pF 


Related Problem Convert 10,000 pF to microfarads. 


EXAMPLE 1-15 Convert 0.00022 microfarad (0.00022 F) to picofarads (pF). 


Solution Move the decimal point six places to the right. 
0.00022 uF = 0.00022 x 10 °F = 220 x 10°!*F = 220pF 


Related Problem Convert 0.0022 uF to picofarads. 


EXAMPLE 1-16 Convert 1800 kilohms (1800 kQ) to megohms (MQ). | 


Solution Move the decimal point three places to the left. 
1800kQ, = 1800 X 10° = 1.8 x 10° = 18MO 


Related Problem Convert 2.2 kO. to megohms. 


When adding (or subtracting) quantities with different metric prefixes, first convert one 
of the quantities to the same prefix as the other quantity. 


EXAMPLE 1-17 Add 15 mA and 8000 A and express the sum in milliamperes. 


Solution Convert 8000 yA to 8 mA and add. 


15mA + 8000 A = 15 X 102A + 8000 X 10°A 
=15X 107A +8 107A = 15mA + 8mA = 23mA 


Related Problem Add 2873 mA to 10,000 yA; express the sum in milliamperes. 


)1 MV to kilovolts (kV). 

0,000 pA to milliamperes (mA). 

05 MW and 75 kW and express the result in KW. 
mV and 25,000 ;.V and express the result in mV. 
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® Slis an abbreviation for Le Systéme International d’Unités and is a standardized system of units. 

@ A fundamental unit is an SI unit from which other SI units are derived. There are seven funda- 
mental units. 

® Scientific notation is a method for representing very large and very small numbers as a number 
between one and ten (one digit to left of decimal point) times a power of ten. 

® Engineering notation is a form of scientific notation in which quantities are represented with one, 
two, or three digits to the left of the decimal point times a power of ten that is a multiple of three. 


@ Metric prefixes represent powers of ten in numbers expressed in engineering notation. 


These key terms are also defined in the end-of-book glossary. 


Engineering notation A system for representing any number as a one-, two-, or three-digit num- 
ber times a power of ten with an exponent that is a multiple of 3. 


Exponent The number to which a base number is raised. 

Metric prefix An affix that represents a power-of-ten number expressed in engineering notation. 
Power of ten A numerical representation consisting of a base of 10 and an exponent; the number 
10 raised to a power. 

Scientific notation A system for representing any number as a number between 1 and 10 times an 
appropriate power of ten. 

SI Standardized internationalized system of units used for all engineering and scientific work; ab- 
breviation for French Le Systéme International d’Unités 


end of the chapter. 


1. Which of the following is not an electrical quantity? 
(a) current (b) voltage (c) time (d) power 
2. The unit of current is 
(a) volt (b) watt (c) ampere (d) joule 
3. The unit of voltage is 
(a) ohm (b) watt (c) volt (d) farad 
4. The unit of resistance is 
(a) ampere (b) henry (c) hertz (d) ohm 
5. Hertz is the unit of 
(a) power (b) inductance (c) frequency (d) time 
6. 15,000 W is the same as 
(a) 15 mW (b) 15 kW (c) 15 MW (d) 15 pW 
7. The quantity 4.7 X 10? is the same as 
(a) 470 (b) 4700 (c) 47,000 (a) 0.0047 
8. The quantity 56 X 107° is the same as 
(a) 0.056 (b) 0.560 (c) 560 (d) 56,000 
9. The number 3,300,000 can be expressed in engineering notation as 
(a) 3300 x 107 (by) 3.3 X 10 ~— (e) 3.3. X 10 ~~) either answer (a) or (c) 
10. Ten milliamperes can be expressed as 
(a) 1OMA = (b) 10ppA— (ec) 1OKA— () «10 mA 
11. Five thousand volts can be expressed as 
(a) 5000 V (b) SMV (c) 5kV (d) either answer (a) or (c) 
12. Twenty million ohms can be expressed as 
(a) 20m0 (b) 20 MW (c) 20 MO (d) 20 pO 


SECTION 1-2 


SECTION 1-3 
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Ans | pre lems are at the end of the book 


Scientific Notation 

1. Express each of the following numbers in scientific notation: 
(a) 3000 (b) 75,000 (c) 2,000,000 

2. Express each fractional number in scientific notation: 
(a) 1/500 (b) 1/2000 (c) 1/5,000,000 

3. Express each of the following numbers in scientific notation: 

(a) 8400 = (b) 99,000 ~— (c) 0.2 x 10° 

Express each of the following numbers in scientific notation: 

(a) 0.0002 = (b) 06 = (©): 7.8 X 10°? 

Express each of the following numbers in scientific notation: 

(a) 32x 10° = (b) 6800 x 10 ~— (ce) 870 x 108 

6. Express each of the following as a regular decimal number: 
(a)2x10° (b) 54 10° = () 1.0 10! 

7. Express each of the following as a regular decimal number: 

(a) 25x 10° (6b) 50x10? (© 39x 10! 

Express each number in regular decimal form: 

(a) 45x 10° (b)8x10° (©) 40x 10° 

9. Add the following numbers: 
(a) (9.2 x 10°) + (3.4 x 10’) (b) (5 X 10°) + (8.5 x 107) 
(c) (5.6 X 10 8) + (4.6 x 10°%) 

10. Perform the following subtractions: 
(a) (3.2 x 10!4) — (1.1 x 10'2) =) (2.6 108) — (1.3 x 107) 
(c) (15 x 10°) — (8 x 10°) 

11. Perform the following multiplications: 
(a) (5 x 10°)(4 x 10°) (b) (1.2 x 10!7)(3 x 107) 
(c) (2.2 x 10-°\(7 x 10°) 

12. Divide the following: 
(a) (1.0 x 10%) + (2.5 x 107) = (b) (2.5 X 10%) + (5.0 x 10-8) 
(c) (4.2 x 108) + (2 x 10%) 


= 


wi 


ba 


Engineering Notation and Metric Prefixes 
13. Express each of the following numbers in engineering notation: 
(a) 89,000 (b) 450,000 (c) 12,040,000,000,000 
14, Express each number in engineering notation: 
(a) 2.35 10° (b) 7.32 107 —(e):1.333 X 10° 
15. Express each number in engineering notation: 
(a) 0.000345 (b) 0.025 (c) 0.00000000129 
16. Express each number in engineering notation: 
(a) 9.81 x 107% = (b) 482 x 10% =e) 4.38 x 107 
17. Add the following numbers and express each result in engineering notation: 
(a) (2.5 X 10-7) + (4.6 x 10%) —(b) (68 x 10°) + G3 x 10°) 
(c) (1.25 x 10°) + (250 x 10%) 
18. Multiply the following numbers and express each result in engineering notation: 
(a) (32 x 10-756 x 10°) ~~ (b) (1.2 x 101.2 x 10°) 
(c) 100(55 x 107%) 
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19. Divide the following numbers and express each result in engineering notation: 
(a) 50 + (2.2 x 10°) — (b) (5 X 10%) = (25 x 10°) 
(c) 560 X 10° + (660 x 10%) 
20. Express each number in Problem 13 in ohms using a metric prefix. 
21. Express each number in Problem 15 in amperes using a metric prefix 
22. Express each of the following as a quantity having a metric prefix: 
(a) 31X 107A (b)55X10°V (ec) 20 X 10°F 
23. Express the following using metric prefixes: 
(a) 3X10°F (b) 3.3 10° =e) 350 X 10° A 
24. Express the following using metric prefixes: 
(a) 25x 10"A (b)8X10°Hz (©) 47x 10°92 
25. Express each quantity by converting the metric prefix to a power-of-10: 
(a) 7.5 pA (b) 3.3 GHz (c) 280 nW 
26. Express each quantity in engineering notation: 
(a) SpA (b) 43 mV (c) 275 kO (d) 1OMW 


SECTION 1-4 Metric Unit Conversions 
27. Perform the indicated conversions: 
(a) 5 mA to microamperes (b) 3200 .W to milliwatts 
(c) 5000 kV to megavolts (d) 10 MW to kilowatts 
28. Determine the following: 
(a) The number of microamperes in | milliampere 
(b) The number of millivolts in 0.05 kilovolt 
(c) The number of megohms in 0.02 kilohm 
(d) The number of kilowatts in 155 milliwatts 
29. Add the following quantities: 
(a) 50mA + 680 pA (b) 120kO + 2.2M0, (c) 0.02 uF + 3300 pF 
30. Do the following operations: 
(a) 10kO = (2.2k0D + 10k) (b) 250mV + 50 pV (c) 1MW + 2kW 


SECTION REVIEWS 


SECTION 1-1 Units of Measurement 
1. Fundamental units define derived units. 
2. Ampere 
3. Sl is the abbreviation for Systéme International. 
4. Refer to Table 1—3 after you have compiled your list of electrical quantities. 


5. Refer to Table 1—4 after you have compiled your list of magnetic quantities. 


SECTION 1-2 Scientific Notation 


1. True 
202 
3. (a) 4.35 <x 107 = (b) 11.201 x 10° (@) 2.9 x 107 
4. (a) 76x10' (b)25x 10+ (©) 5.97 107 


5. (a)3 X10 (b) 6x 10 = (ey 2 10! Ss (@) 237 X 10 


ANSWERS 


SECTION 1-3 Engineering Notation and Metric Prefixes 


1. (a) 5.6 x 10° 


(b) 28.3x 10° (ce) 950x103 = (a) 375 x 10° 


2. Mega (M), kilo (k), milli (m), micro (4), nano (n), and pico (p) 
3. 1 A (one microampere) 
4, 250 kW (250 kilowatts) 


SECTION 1-4 Metric Unit Conversions 
1. 0.01 MV = 10kV 
2. 250,000 pA = 0.00025 mA 
3. 0.05 MW + 75kW = 50kW + 75 kW = 125kW 
4. 50mV + 25,000 nV = 50mV + 25mV = 75mV 


RELATED PROBLEMS FOR EXAMPLES 


(eI 
1-2 
13 
14 
1-5 
1-6 
ey, 
1-8 
1-9 
1-10 
1-11 
1-12 
1-13 
1-14 
1-15 
1-16 
1-17 


4.75 x 103 
7.38 X 103 
9120 

5.81 x 104 
1.85 xX 10° 
4.8 X 10° 
4 x 10+ 

36 x 10° 
5.6 x 10-2 
(a) 56 MO 
1000 pA 

1 mV 

0.893 pA 
0.01 pF 
2200 pF 
0.0022 MO, 
2883 mA 


SELF-TEST 
L@© 2© 
7. (b) ‘8. (a) 


(b) 470 pA 


3. (c) 4. (d) 5::(C) 6. (b) 
9. (d) 10. (d) 11. (d) 12. (c) 


e 


15 


Atomic Structure 

Electrical Charge 

Voltage, Current, and Resistance 
Voltage and Current Sources 
Resistors 

The Electric Circuit 

Basic Circuit Measurements 
Electrical Safety 

A Circuit Application 


XY OBIECTIVES 


Describe the basic structure of atoms 
Explain the concept of electrical charge 


Define voltage, current, and resistance and discuss the character- 
istics of each 


Discuss a voltage source and a current source 

Recognize and discuss various types and values of resistors 
Describe a basic electric circuit 

Make basic circuit measurements 

Recognize electrical hazards and practice proper safety procedures 


Atom Voltage source 
Electron @ Current source 
Free electron @ Resistor 
Conductor @ Potentiometer 
Semiconductor @ Rheostat 
Insulator @ Circuit 
Charge @ Load 
Coulomb @ Closed circuit 
Voltage @ Open circuit 
Volt @ AWG 

Current @ Ground 
Ampere @ Voltmeter 
Resistance @ Ammeter 
Ohm @ Ohmmeter 
Conductance @ DMM 
Siemens @ Electrical shock 


VOLTAGE, CURRENT, 
AND RESISTANCE 


i - 
a 


sented in this chapter is applied to a practical circuit that 
simulates part of a car’s lighting system. An automobile’s 
lights are examples of simple types of electric circuits. When 
you turn on the headlights and taillights, you are connecting 
the light bulbs to the battery, which provides the voltage and 
produces current through each bulb. The current causes the 
bulbs to emit light. The light bulbs themselves have resist- 
ance that limits the amount of current. The instrument 
panel light in most cars can be adjusted for brightness. By 
turning a knob, you actually change the resistance in the 
circuit, thereby causing the current to change. The amount 
of current through the light bulb determines its brightness. 


wh 


ISIT THE COMPANION WEBSITE 


Study aids for this chapter are available at 
http://www. prenhall.com/floyd 


The useful application of electronics technology to practical 
situations requires that you first understand the theory that is 
the basis of a given application. Once you have mastered the 
theory, you can learn to apply it in practice. In this chapter 
and throughout the rest of the book, you will learn to put 
technology theory into practice in circuit applications. 

The theoretical concepts of electrical current, voltage, and 
resistance are introduced in this chapter. You will learn how 
to express each of these quantities in the proper units and 
how each quantity is measured. The essential elements that 
form a basic electric circuit and how they are put together 
are covered. 

You will be introduced to the types of devices that gener- 
ate voltage and current. In addition, you will see a variety of 
components that are used to introduce resistance into elec- 
tric circuits. The operation of protective devices such as fuses 
and circuit breakers are discussed, and mechanical switches 
that are commonly used in electric circuits are introduced. 
Also, you will learn how to control and measure voltage, cur- 
rent, and resistance using measuring instruments. 

Voltage is essential in any kind of electric circuit. Voltage 
is the potential energy of electrical charge required to make 
the circuit work. Current is also necessary for electric circuits 
to operate, but it takes voltage to produce the current. Cur- 
rent is the movement of electrons through a circuit. Resis- 
fance in a circuit limits the amount of current. A water 
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system can be used as an analogy for a simple circuit. Voltage can be considered analogous 
to the pressure required to force water through the pipes. Current through wires can be 
thought of as analogous to the water moving through the pipes. Resistance can be thought 
of as analogous to the restriction on the water flow produced by adjusting a valve. 


2-1 ATOMIC STRUCTURE 


All matter is made of atoms; and all atoms consist of electrons, protons, and neutrons. 
In this section, you will learn about the structure of an atom, including electron shells 
and orbits, valence electrons, ions, and energy levels. The configuration of certain 
electrons in an atom is the key factor in determining how well a given conductive or 
semiconductive material conducts electric current. 


After completing this section, you should be able to 
e Describe the basic structure of atoms 
@ Define nucleus, proton, neutron, and electron 


¢ Define atomic number 


© all 


An atom is the smallest particle of an element that retains the characteristics of that 
element. Each of the known 109 elements has atoms that are different from the atoms of all 


other elements. This gives each element a unique atomic structure. According to the clas- 
sic Bohr model, an atom is visualized as having a planetary type of structure that consists 
of a central nucleus surrounded by orbiting electrons, as illustrated in Figure 2—1. The 
nucleus consists of positively charged particles called protons and uncharged particles 
called neutrons. The basic particles of negative charge are called electrons. 


» FIGURE 2-1 


The Bohr model of an atom showing 
electrons in circular orbits around 
the nucleus. The “tails” on the 
electrons indicate they are moving. 
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Electron 


(a) Hydrogen atom 


Nucleus 


Each type of atom has a certain number of electrons and protons that distinguishes it 
from the atoms of all other elements. For example, the simplest atom is that of hydrogen, 
which has one proton and one electron, as pictured in Figure 2—2(a). As another example, 
the helium atom, shown in Figure 2—2(b), has two protons and two neutrons in the nucleus 
and two electrons orbiting the nucleus. 


oa 
Electron 


= 


Electron 


(b) Helium atom 


& FIGURE 2-2 


The two simplest atoms, hydrogen and helium. 


Atomic Number 


All elements are arranged in the periodic table of the elements in order according to their 
atomic number. The atomic number equals the number of protons in the nucleus. For ex- 
ample, hydrogen has an atomic number of | and helium has an atomic number of 2. In their 
normal (or neutral) state, all atoms of a given element have the same number of electrons 
as protons; the positive charges cancel the negative charges, and the atom has a net charge 
of zero, making it electrically balanced. 


Shells, Orbits, and Energy Levels 


As you have seen in the Bohr model, electrons orbit the nucleus of an atom at certain dis- 
tances from the nucleus and are restricted to these specific orbits. Each orbit corresponds 
to a different energy level within the atom known as a shell. The shells are designated 1, 2, 3, 
and so on, with | being closest to the nucleus. Electrons further from the nucleus are at 
higher energy levels. 

The line spectrums of hydrogen from the Bohr model of the atom shows that the 
electrons can only absorb or emit a specific amount of energy that represents the exact 
difference between the levels. Figure 2-3 shows the energy levels within the hydrogen 


» FIGURE 2-3 Energy 
Energy levels in hydrogen. 


Ionization 


Ground state, n = 1 


atom. The lowest level (n = 1) is called the ground state and represents the most stable 
atom with a single electron in the first shell. If this electron acquires a specific amount of 
energy by absorbing a photon, it can be raised to one of the higher energy levels. In this 
higher state, it can emit a photon with exactly the same energy and return to the ground 
state. Transitions between the levels account for various phenomena we see in electronics, 
such as the color of light from a light-emitting diode. 

After Bohr’s work, Erin Schroedinger (1887-1961) proposed a mathematical theory for 
the atom that explained more complicated atoms. He suggested that the electron has a 
wavelike property, and he considered the simplest case as having a three-dimensional 
standing wave pattern due to vibrations. Schroedinger theorized the standing wave of an 
electron with a spherical shape could have only certain wavelengths. This wave-mechanics 
model of the atom gave the same equation for the electron energy in hydrogen as Bohr’s 
model, but in the wave-mechanics model, more complicated atoms could be explained by 
involving shapes other than spheres and adding a designation for the orientation of a given 
shape within the atom. In both models, electrons near the nucleus have less energy than 
those further out, which was the basic concept of the energy levels. 

The idea of discrete energy levels within the atom is still a foundation for understanding 
the atom, and the wave-mechanics model has been very successful at predicting the energy 
levels for various atoms. The wave-mechanics model of the atom used the shell number, 
called the principal quantum number, in the energy equation. Three other quantum num- 
bers describe each electron within the atom. All electrons in an atom have a unique set of 
quantum numbers. 

When an atom is part of a large group, as in a crystal, the discrete energy levels broaden 
into energy bands, which is an important idea in solid-state electronics. The bands also dif- 
ferentiate between conductors, semiconductors, and insulators. 


Valence Electrons 


Electrons that are in orbits farther from the nucleus have higher energy and are less tightly 
bound to the atom than those closer to the nucleus. This is because the force of attraction 
between the positively charged nucleus and the negatively charged electron decreases with 
increasing distance from the nucleus. Electrons with the highest energy levels exist in the 
outermost shell of an atom and are relatively loosely bound to the atom. This outermost 
shell is known as the valence shell, and electrons in this shell are called valence electrons. 
These valence electrons contribute to chemical reactions and bonding within the structure 
of a material, and they determine the material’s electrical properties. 


Energy Levels and Ionization Energy 


If an electron absorbs a photon with sufficient energy, it escapes from the atom and 
becomes a free electron. This is indicated by the ionization energy level in Figure 2-3. 
Any time an atom or group of atoms is left with a net charge, it is called an ion. When an 
electron escapes from the neutral hydrogen atom (designated H), the atom is left with a net 
positive charge and becomes a positive ion (designated H‘). In some cases, an atom or 
group of atoms can acquire an electron, in which case it is called a negative ion. 


The Copper Atom 


Copper is the most commonly used metal in electrical applications. The copper atom has 
29 electrons that orbit the nucleus in four shells. The number of electrons in each shell fol- 
lows a predictable pattern according to the formula, 2N*, where N is the number of the 
shell. The first shell of any atom can have up to 2 electrons, the second shell up to 8 elec- 
trons, the third shell up to 18 electrons, and the fourth shell up to 32 electrons. 

A copper atom is represented in Figure 2-4. Notice that the fourth or outermost shell, 
the valence shell, has only 1 valence electron. When the valence electron in the outer shell 
of the copper atom gains sufficient thermal energy, it can break away from the parent atom 
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® FIGURE 2-4 


The copper atom. 


y—— 4th shell: 1 electron 
> ~. 3rd shell: 18 electrons 


- 2nd shell: 8 electrons 
i‘) 
F 
a 1st shell: 2 electrons 
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29 protons 


and become a free electron. In a piece of copper at room temperature, a “sea” of these free 
electrons is present. These electrons are not bound to a given atom but are free to move in 
the copper material. Free electrons make copper an excellent conductor and make electri- 
cal current possible. 


Categories of Materials 


Three categories of materials are used in electronics: conductors, semiconductors, and 
insulators. 


Conductors Conductors are materials that readily allow current. They have a large 
number of free electrons and are characterized by one to three valence electrons in their 
structure. Most metals are good conductors. Silver is the best conductor, and copper is next. 
Copper is the most widely used conductive material because it is less expensive than silver. 
Copper wire is commonly used as a conductor in electric circuits. 


Semiconductors Semiconductors are classed below the conductors in their ability to 
carry current because they have fewer free electrons than do conductors. Semiconductors 
have four valence electrons in their atomic structures. However, because of their unique 
characteristics, certain semiconductor materials are the basis for electronic devices such as 
the diode, transistor, and integrated circuit. Silicon and germanium are common semicon- 
ductive materials. 


Insulators Insulators are materials that are poor conductors of electric current. In fact, 
insulators are used to prevent current where it is not wanted. Compared to conductive 
materials, insulators have very few free electrons and are characterized by more than four 
valence electrons in their atomic structures. 


particle of negative charge? 
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2—2 ELECTRICAL CHARGE 


As you know, an electron is the smallest particle that exhibits negative electrical charge. 
When an excess of electrons exists in a material, there is a net negative electrical charge. 
When a deficiency of electrons exists, there is a net positive electrical charge. 


After completing this section, you should be able to 


¢ Explain the concept of electrical charge 


¢ Name the unit of charge 


The charge of an electron and that of a proton are equal in magnitude. Electrical charge, 
an electrical property of matter that exists because of an excess or deficiency of electrons, 
is symbolized by Q. Static electricity is the presence of a net positive or negative charge in 
a material. Everyone has experienced the effects of static electricity from time to time, for 
example, when attempting to touch a metal surface or another person or when the clothes 
in a dryer cling together. 

Materials with charges of opposite polarity are attracted to each other, and materials 
with charges of the same polarity are repelled, as indicated in Figure 2—5. A force acts 
between charges, as evidenced by the attraction or repulsion. This force, called an electric 
field, consists of invisible lines of force, as represented in Figure 2-6. 
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(a) Uncharged: (b) Opposite (c) Like positive (d) Like negative 
no force charges charges repel charges repel 
attract 
4& FIGURE 2-5 


Attraction and repulsion of electrical charges. 


» FIGURE 2-6 
Electric field between two oppositely 


charged surfaces. development of the inverse square 
law for the force between two 
charges. The unit of electrical 
charge is named in his honor. 
(Photo credit: Courtesy of the 
Smithsonian Institution. Photo 


Coulomb: The Unit of Charge eee 


Electrical charge (Q) is measured in coulombs, symbolized by C. 


Lines of force 


One coulomb is the total charge possessed by 6.25 X 10"? electrons. 


A single electron has a charge of 1.6 < 10°'° C. The total charge Q, expressed in 
coulombs, for a given number of electrons is stated in the following formula: 


number of electrons 
6.25 x 1018 electrons/C 


O= Equation 2-1 
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Positive and Negative Charge 


Consider a neutral atom—that is, one that has the same number of electrons and protons 
and thus has no net charge. As you know, when a valence electron is pulled away from the 
atom by the application of energy, the atom is left with a net positive charge (more protons 
than electrons) and becomes a positive ion. If an atom acquires an extra electron in its outer 
shell, it has a net negative charge and becomes a negative ion. 

The amount of energy required to free a valence electron is related to the number of elec- 
trons in the outer shell. An atom can have up to eight valence electrons. The more complete 
the outer shell, the more stable the atom and thus the more energy is required to release an 
electron. Figure 2-7 illustrates the creation of a positive ion and a negative ion when a hydro- 
gen atom gives up its single valence electron to a chlorine atom, forming gaseous hydrogen 
chloride (HCI). When the gaseous HC! is dissolved in water, hydrochloric acid is formed. 


® FIGURE 2-7 --?e -— --~ -- 
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Hydrogen atom Chlorine atom 
(1 proton, | electron) (17 protons, 17 electrons) 
(a) The neutral hydrogen atom has a single valence (b) The atoms combine by sharing the 
electron. valence electron to form gaseous 


hydrogen chloride (HCl). 
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Positive hydrogen ion Negative chloride ion 
(1 proton, no electrons) (17 protons, 18 electrons) 


(c) When dissolved in water, hydrogen chloride gas separates into positive hydrogen ions 
and negative chloride ions. The chlorine atom retains the electron given up by the 
hydrogen atom forming both positive and negative ions in the same solution. 


lombs do 93.8 X 10'° electrons represent? 


93.8 X 10! electrons 
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he end of the chapter. 
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2—3 VOLTAGE, CURRENT, AND RESISTANCE 


Voltage, current, and resistance are the basic quantities present in all electrical circuits. 
Voltage is necessary to produce current, and resistance limits the amount of current in a 
circuit. The relationship of these three quantities is described by Ohm’s law in Chapter 3. 


After completing this section, you should be able to 
¢ Define voltage, current, and resistance and discuss the characteristics of each 


¢ State the formula for voltage and name its unit 


Voltage 

As you have seen, a force of attraction exists between a positive and a negative charge. A 

certain amount of energy must be exerted, in the form of work, to overcome the force and BIOGRAPHY 
move the charges a given distance apart. All opposite charges possess a certain potential 

energy because of the separation between them. The difference in potential energy per = 


charge is the potential difference or voltage. Voltage is the driving force in electric circuits 
and is what establishes current. 

As an analogy, consider a water tank that is supported several feet above the ground. A 
given amount of energy must be exerted in the form of work to pump water up to fill the tank. 
Once the water is stored in the tank, it has a certain potential energy which, if released, can be 
used to perform work. 

Voltage, symbolized by V, is defined as energy or work per unit charge. 


V=— Equation 2—2 


dissimi als loped 
the first battery in 1800. Electrical 
. potential, more commonly known 
Q = charge in coulombs (C) as voltage, and the unit of voltage, 
The unit of voltage is the volt, symbolized by V. the volt, are named in his honor. 


F . (Photo credit: AIP Emilio Segré 
One volt is the potential difference (voltage) between two points when one joule of yjcua1 Archives. Lande Collection.) 


energy is used to move one coulomb of charge from one point to the other. 


where: V = voltage in volts (V) 
W = energy in joules (J) 


are available for every 10 C of charge, what is the voltage? 


W503 _ 


Q oe >. 


gy is used to move 50 C from one point to another when the voltage 
0ints is 12 V? 


Current 


Voltage provides energy to electrons, allowing them to move through a circuit. This move- 
ment of electrons is the current, which results in work being done in an electrical circuit. 
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As you have learned, free electrons are available in all conductive and semiconductive 
materials. These electrons drift randomly in all directions, from atom to atom, within the 
structure of the material, as indicated in Figure 2-8. 


» FIGURE 2-8 


Random motion of free electrons in 
a material. 


If a voltage is placed across a conductive or semiconductive material, one end becomes 
positive and the other negative, as indicated in Figure 2-9. The repulsive force produced by 
the negative voltage at the left end causes the free electrons (negative charges) to move 
toward the right. The attractive force produced by the positive voltage at the right end pulls 
the free electrons to the right. The result is a net movement of the free electrons from the 
negative end of the material to the positive end, as shown in Figure 2-9. 


» FIGURE 2-9 


Electrons flow from negative to posi- 
tive when a voltage is applied across 
a conductive or semiconductive 
material. 


<«—___— Voltage ————_—_—_——_», 


The movement of these free electrons from the negative end of the material to the posi- 
tive end is the electrical current, symbolized by /. 


Electrical current is the rate of flow of charge. 


Current in a conductive material is determined by the number of electrons (amount of 
charge) that flow past a point in a unit of time. 


Equation 2-3 Q 
t 
where: / = current in amperes (A) 
Q = charge in coulombs (C) 
t = time in seconds (s) 
One ampere (1 A) is the amount of current that exists when a number of electrons 


having a total charge of one coulomb (1 C) move through a given cross-sectional 
area in one second (1 s). 


See Figure 2-10. Remember, one coulomb is the charge carried by 6.25 X 10!® electrons 


the field. He was 
the first to build an instrument to 
measure charge flow (current). The 


; t When a number of electrons having a total charge of 1 C pass 
unit of electrical current is named through a cross-sectional area in | s, there is 1 A of current. 


in his honor. (Photo credit: AIP 
Emilio Segré Visual Archives.) 


4 FIGURE 2-10 


Illustration of 1 A of current (1 C/s) in a material. 
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lombs of charge flow past a given point in a wire in 2 s. What is the current in 


3 A of current through the filament of a lamp, how many coulombs of 
through the filament in 1.5 s? 


Resistance 


When there is current through a material, the free electrons move through the material and 
occasionally collide with atoms. These collisions cause the electrons to lose some of their 
energy, thus restricting their movement. The more collisions, the more the flow of electrons 
is restricted. This restriction varies and is determined by the type of material. The property 
of a material to restrict or oppose the flow of electrons is called resistance, R. 


Resistance is the opposition to current. 
Resistance is expressed in ohms, symbolized by the Greek letter omega (2). 


One ohm (1 Q) of resistance exists if there is one ampere (1 A) of current in a ma- 
terial when one volt (1 V) is applied across the material. 


The schematic symbol for resistance is shown in Figure 2—11. 


formu Ip o 


R current, voltage, and resistance. 
ay a This mathematical relationship is 
A FIGURE 2-11 Rarer today’ as, Q lines lew suuithie 
ee unit of resistance is named in his 
Resistance symbol. honor. (Photo credit: Library of 
Congress, LC-USZ62-40943.) 
Conductance The reciprocal of resistance is conductance, symbolized by G. It is a 
measure of the ease with which current is established. The formula is 
| : 
G= R Equation 24 
The unit of conductance is the siemens, abbreviated S. For example, the conductance of a 
22 k©. resistor is 


1 
G= min DOH 


The obsolete unit of mho (ohm spelled backwards) was previously used for conductance. 


of voltage? 
tage when there are 24 joules of energy for 10 coulombs of charge? 
state its unit. 

make up one coulomb of charge? 

in amperes when 20 C flow past a point in a wire in 4 s? 
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2—4 VOLTAGE AND CURRENT SOURCES 


A voltage source provides electrical energy or electromotive force (emf), more com- 
monly known as voltage. Voltage is produced by means of chemical energy, light en- 
ergy, and magnetic energy combined with mechanical motion. A current source 
provides a constant current to a load. 


After completing this section, you should be able to 
« Discuss a voltage source and a current source 
¢ List six categories of voltage sources 
¢ Describe the basic operation of a battery 


ener, 1 


PGi) cee poe eens ee 2 
¢@ Expla OW a ola 
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The Ideal Voltage Source An ideal voltage source can provide a constant voltage for 
any current required by a circuit. The ideal voltage source does not exist but can be closely 
approximated in practice. We will assume ideal unless otherwise specified. 

Voltage sources can be either dc or ac. A common symbol for a de voltage source is 
shown in Figure 2—12(a) and one for an ac voltage source is shown in part (b). AC voltage 
sources will be used later in the book. 


> FIGURE 2~12 ae 
a 
Symbols for voltage sources. — v, 
ES IV ] qT 

electroplating system. In 1837, (a) DC voltage source (b) AC voltage source 
Siemens began making 
improvements in the early 
telegraph and contributed greatly A graph showing voltage versus current for an ideal dc voltage source is called the VI 
to the development of telegraphic characteristic and is illustrated in Figure 2-13. As you can see, the voltage is constant for 
systems. The unit of conductance any current (within limits) from the source. For a practical voltage source connected in a 
is named in his honor. (Photo circuit, the voltage decreases slightly as the current increases. Current is always drawn 
credit: AIP Emilio Segré Visual from a voltage source when a load such as a resistance is connected to it. 
Archives, E. Scott Barr Collection.) 

» FIGURE 2-13 - Voltage is constant 


VI characteristic of an ideal voltage Se AIL CUETNS, 


source. 
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Types of DC Voltage Sources 


Batteries A battery is a type of voltage source that converts chemical energy into electri- 
cal energy. A battery consists of one or more electro-chemical cells that are electrically con- 
nected. A cell consists of four basic components: a positive electrode, a negative electrode, an 
electrolyte, and a porous separator. The positive electrode has a deficiency of electrons due to 
chemical reaction, the negative electrode has a surplus of electrons due to chemical reaction, 
the electrolyte provides a mechanism for charge flow between positive and negative elec- 
trodes, and the separator electrically isolates the positive and negative electrodes. A basic di- 
agram of a battery cell is shown in Figure 2-14. 


= + ~ FIGURE 2-14 
Porous Electrolyte 
separator Diagram of a battery cell. 


Positive 
electrode 


The materials used in a battery cell determine the voltage that it produces. The chemical re- 
action at each of the electrodes produces a fixed potential at each electrode. For example, in a 
lead-acid cell, a potential of —1.685 V is produced at the positive electrode and a potential of 
+0.365 V is produced at the negative electrode. This means that the voltage between the two 
electrodes of a cell is 2.05 V, which is the standard lead-acid electrode potential. Factors such 
as acid concentration will affect this value to some degree so that the typical voltage of a com- 
mercial lead-acid cell is 2.15 V. The voltage of any battery cell depends on the cell chemistry. 
Nickel-cadmium cells are about 1.2 V and lithium cells can be as high as almost 4 V. 

Although the voltage of a battery cell is fixed by its chemistry, the capacity is variable 
and depends on the quantity of materials in the cell. Essentially, the capacity of a cell is the 
number of electrons that can be obtained from it and is measured by the amount of current 
that can be supplied over time. 

Batteries normally consist of multiple cells that are electrically connected together in- 
ternally. The way that the cells are connected and the type of cells determine the voltage 
and capacity of the battery. If the positive electrode of one cell is connected to the negative 
electrode of the next and so on, as illustrated in Figure 2—15(a), the battery voltage is the 
sum of the individual cell voltages. This is called a series connection. To increase battery 
capacity, the positive electrodes of several cells are connected together and all the negative 
electrodes are connected together, as illustrated in Figure 2—15(b). This is called a parallel 
connection. Also, by using larger cells, which have a greater quantity of material, the abil- 
ity to supply current can be increased but the voltage is not affected. 


(a) Series-connected battery (b) Paraliel-connected battery 


FIGURE 2-15 


Cells connected to form batteries. 


cd 
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Batteries are divided into two major classes, primary and secondary. Primary batteries 
are used once and discarded because their chemical reactions are irreversible. Secondary 
batteries can be recharged and reused many times because they are characterized by re- 
versible chemical reactions. 

There are many types, shapes, and sizes of batteries. Some of the sizes that you are most 
familiar with are AAA, AA, C, D, and 9 V. There is also a less common size called AAAA, 
which is smaller than the AAA. Batteries for hearing aids, watches, and other miniature ap- 
plications are usually in a flat round configuration and are often called button batteries or 
coin batteries. Large multicell batteries are used in lanterns and industrial applications and, 
of course, there is the familiar automotive battery. 

In addition to the many sizes and shapes, batteries are usually classified according to 
their chemical makeup as follows. Each of these classifications are typically available in 
several physical configurations. 


¢ Alkaline-MnO2_ This is a primary battery that is commonly used in palm-type com- 
puters, photographic equipment, toys, radios, and recorders. 


¢ Lithium-MnO,_ This is a primary battery that is commonly used in photographic 
and electronic equipment, smoke alarms, personal organizers, memory backup, and 
communications equipment. 


¢ Zinc air This is a primary battery that is commonly used in hearing aids, medical 
monitoring instruments, pagers, and other frequency-use applications. 


¢ Silver oxide This is a primary battery that is commonly used in watches, photo- 
graphic equipment, hearing aids, and electronics requiring high-capacity batteries. 


¢ Nickel-metal hydride This is a secondary (rechargable) battery that is commonly 
used in portable computers, cell phones, camcorders, and other portable consumer 
electronics. 


¢ Lead-acid This is a secondary (rechargable) battery that is commonly used in au- 
tomotive, marine, and other similar applications. 


Solar Cells The operation of solar cells is based on the photovoltaic effect, which is 
the process whereby light energy is converted directly into electrical energy. A basic so- 
lar cell consists of two layers of different types of semiconductive materials joined to- 
gether to form a junction. When one layer is exposed to light, many electrons acquire 
enough energy to break away from their parent atoms and cross the junction. This 
process forms negative ions on one side of the junction and positive ions on the other, and 
thus a potential difference (voltage) is developed. Figure 2—16 shows the construction of 
a basic solar cell. 


Transparent 
antireflective coating 


Semiconductor layer 


Voltage 


Junction ——> 


Semiconductor layer 


Bottom contact Le 


» FIGURE 2-16 


Construction of a basic solar cell. 
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Generator Electrical generators convert mechanical energy into electrical energy using 
a principle called electromagnetic induction (see Chapter 10). A conductor is rotated 
through a magnetic field, and a voltage is produced across the conductor. A typical gener- 
ator is pictured in Figure 2-17. 


A FIGURE 2-17 
Cutaway view of a dc voltage generator. 


The Electronic Power Supply Electronic power supplies convert the ac voltage from 
a wall outlet to a constant (dc) voltage that is available across two terminals, as indicated in 
Figure 2—18(a). Typical commercial power supplies are shown in Figure 2—18(b). 


Thermocouples The thermocouple is a thermoelectric type of voltage source that is 
commonly used to sense temperature. A thermocouple is formed by the junction of two dis- 
similar metals, and its operation is based on the Seebeck effect that describes the voltage 
generated at the junction of the metals as a function of temperature. 

Standard types of thermocouple are characterized by the specific metals used. These 
standard thermocouples produce predictable output voltages for a range of temperatures. 
The most common is type K, made of chromel and alumel. Other types are also designated 
by letters as E, J, N, B, R, and S. Most thermocouples are available in wire or probe form. 


Piezoelectric Sensors These sensors act as voltage sources and are based on the piezo- 
electric effect where a voltage is generated when a piezoelectric material is mechanically 
deformed by an external force. Quartz and ceramic are two types of piezoelectric material. 
Piezoelectric sensors are used in applications such as pressure sensors, force sensors, ac- 
celerometers, microphones, ultrasonic devices, and many others. 


The Current Source 


The Ideal Current Source As you know, an ideal voltage source can provide a constant 
voltage for any load. An ideal current source can provide a constant current in any load. 
Just as in the case of a voltage source, the ideal current source does not exist but can be ap- 
proximated in practice. We will assume ideal unless otherwise specified. 

The symbol for a current source is shown in Figure 2—19(a). The /V characteristic for an 
ideal current source is a horizontal line as illustrated in Figure 2—19(b). Notice that the cur- 
rent is constant for any voltage across the current source. 


e 
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AC voltage —=T 


from wall 


GuLee ! Electronic 
power 
supply 

@ © 
DC voltage 


(a) 


(b) 


A FIGURE 2-18 
Electronic power supplies. (Courtesy of B+K Precision) 


I Current is constant 
for all voltages. 


(a) Symbol (b) /V characteristic 


» FIGURE 2-19 


The current source. 
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Actual Current Sources Power supplies are normally thought of as voltage sources be- 
cause they are the most common source in the laboratory. However, current sources can 
also be considered a type of power supply. Typical commercial constant-current sources 
are illustrated in Figure 2-20. 


(a) (b) 


In most transistor circuits, the transistor acts as a current source because part of the /V 
characteristic curve is a horizontal line as shown by the transistor characteristic in Fig- 
ure 2-21. The flat part of the graph indicates where the transistor current is constant over a 
range of voltages. The constant-current region is used to form a constant-current source. 


I (current through 
the transistor) 


'«<——— Constant-current region ———>| 


V (voltage across 
the transistor) 


One common application of a constant-current source is in constant-current battery 
chargers, as illustrated in a simplified way in Figure 2—22. The rectifier is a circuit that acts 
as a de voltage source by converting the ac voltage from a standard wall outlet to a constant 
dc voltage. This voltage is effectively applied in parallel with a battery that is to be charged 
and in series with a constant-current source. The battery voltage is initially low but in- 
creases over time due to the constant charging current. The total voltage across the current 


source is the voltage from the rectifier minus the voltage of the battery, which increases as 
the battery charges. 


Constant- 
current source 


+ Battery voltage 
—}_ increases as 
— it charges. 


Voltage 
rectifier 


Constant 


AC voltage dc voltage 


<@ FIGURE 2-20 


Typical commercial current sources. 
(Courtesy of Lake Shore Cryotronics) 


FIGURE 2-21 


Characteristic curve of a transistor 
showing the constant-current region 


“ FIGURE 2-22 


Battery charger as an example of a 
current source application. 
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ent that is used as a current source. 


RESISTORS 


A component that is specifically designed to have a certain amount of resistance is called 
a resistor. The principal applications of resistors are to limit current in a circuit, to divide 
voltage, and, in certain cases, to generate heat. Although resistors come in many shapes 
and sizes, they can all be placed in one of two main categories: fixed and variable. 


After completing this section, you should be able to 


Fixed Resistors 


Fixed resistors are available with a large selection of resistance values that are set during 
manufacturing and cannot be changed easily. They are constructed using various methods 
and materials. Figure 2-23 shows several common types. 


av ) ~~ 


(a) Carbon-composition resistors with (b) Metal film chip resistor (c) Chip resistor array 


various power ratings 


(d) Resistor network (simm) (e) Resistor network (surface mount) (f) Radial-lead for PC board insertion 


4& FIGURE 2-23 


Typical fixed resistors. 


One common fixed resistor is the carbon-composition type, which is made with a mix- 
ture of finely ground carbon, insulating filler, and a resin binder. The ratio of carbon to in- 
sulating filler sets the resistance value. The mixture is formed into rods, and conductive lead 
connections are made. The entire resistor is then encapsulated in an insulated coating for 
protection. Figure 2—24(a) shows the construction of a typical carbon-composition resistor. 


Color bands 


Resistance material 


Resistors ® 33 


Protective glass 
overcoat 


(carbon composition) External electrode (solder) Secondary 


Insulated coating 


electrode 


Ceramic Resistive Internal 
substrate material electrode 
(a) Cutaway view of a carbon-composition resistor (b) Cutaway view of a tiny chip resistor 


» FIGURE 2-24 
Two types of fixed resistors (not to scale). 


The chip resistor is another type of fixed resistor and is in the category of SMT (surface 
mount technology) components. It has the advantage of a very small size for compact as- 
semblies. Figure 2—24(b) shows the construction of a chip resistor. 

Other types of fixed resistors include carbon film, metal film, and wirewound. In film 
resistors, a resistive material is deposited evenly onto a high-grade ceramic rod. The resis- 
tive film may be carbon (carbon film) or nickel chromium (metal film). In these types of re- 
sistors, the desired resistance value is obtained by removing part of the resistive material in 
a helical pattern along the rod using a spiraling technique, as shown in Figure 2—25(a). Very 
close tolerance can be achieved with this method. Film resistors are also available in the 
form of resistor networks, as shown in Figure 2—25(b). 


: Outer insulated 
oo coaung, Insulated 
ase 5 
\ f coating 
Resistive 
element 
Wire lead 
' Metal Metal or 
end cap carbon film 
scribed helix Termination 
(a) Film resistor showing spiraling technique (b) Resistor network 


Wirewound resistors are constructed with resistive wire wound around an insulating rod 
and then sealed. Normally, wirewound resistors are used in applications that require higher 
power ratings. Since they are constructed with a coil of wire, wirewound resistors have sig- 
nificant inductance and are not used at higher frequencies. Some typical wirewound resis- 
tors are shown in Figure 2—26. 


~ FIGURE 2-25 


Construction views of typical film 
resistors. 
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> TABLE 2-1 
Resistor 4-band color code. 


& FIGURE 2-26 
Typical wirewound power resistors. 


Resistor Color Codes 


Fixed resistors with value tolerances of 5% or 10% are color coded with four bands to in- 
dicate the resistance value and the tolerance. This color-code band system is shown in Fig- 
ure 2—27, and the color code is listed in Table 2-1. The bands are always closer to one end. 


» FIGURE 2-27 


Color-code bands on a 4-band 
resistor. 


[st digit Percent tolerance 
2nd Multiplier 
digit (Number of zeros 
following 2nd digit) 


The color code is read as follows: 


1. Start with the band closest to one end of the resistor. The first band is the first digit 
of the resistance value. If it is not clear which is the banded end, start from the end 
that does not begin with a gold or silver band. 


Red 


Resistance value, first three bands: Orange 
First band—Ist digit Yellow 
Second band—2nd digit 
Third band—multiplier (number of Green 
zeros following the 2nd digit) Blue 
Violet 
Gray 


White 


Gold 


Fourth band—tolerance 
Silver 
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2. The second band is the second digit of the resistance value. 
3. The third band is the number of zeros following the second digit, or the multiplier. 
4. The fourth band indicates the percent tolerance and is usually gold or silver. 


For example, a 5% tolerance means that the actual resistance value is within + 5% of the 
color-coded value. Thus, a 100 ©, resistor with a tolerance of +5% can have an acceptable 
range of values from a minimum of 95 ( to a maximum of 105 ©. 

For resistance values less than 10 ©, the third band is either gold or silver. Gold repre- 
sents a multiplier of 0.1, and silver represents 0.01. For example, a color code of red, violet, 
gold, and silver represents 2.7 © with a tolerance of + 10%. A table of standard resistance 
values is in Appendix A. 


= 2, second band is violet = 7, third band is orange = 3 zeros, 
er = 10% tolerance. 


R = 27,000 QO + 10% 


1, second band is black = 0, third band is brown = 1 zero, 
= 10% tolerance. 


R = 1000 + 10% 


= 5, second band is blue = 6, third band is green = 5 zeros, 
- 5% tolerance. 


R = 5,600,000 0 + 5% 


; a yellow first band, a violet second band, a red third band, and a 
\ine its value in ohms and its percent tolerance. 


Five-Band Color Code Certain precision resistors with tolerances of 2%, 1%, or less are 
generally color coded with five bands, as shown in Figure 2-29. Begin at the band closest 
to one end. The first band is the first digit of the resistance value, the second band is the sec- 
ond digit, the third band is the third digit, the fourth band is the multiplier (number of ze- 
ros after the third digit), and the fifth band indicates the percent tolerance. Table 2—2 shows 
the 5-band color code. 


<@ FIGURE 2-29 


Color-code bands on a 5-band resistor. 


Percent tolerance 


Multiplier (Number of zeros 
3rd digit following 3rd digit) 


2nd 
digit 
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PTABLE2-200 DIGIT COLOR 


Resistor 5-band color code. 


Resistance value, first 0 a 
three bands: 1 ew 
First band—l1st digit ; — 
Second band—2nd digit 4 Yellow 
Third band—3rd digit 5 Green 
Fourth band—inultiplier 6 Blue 
(number of zeros 
following 3rd digit) A eae 
8 Gray 
9 White 


+2% Red 
1% Brown 
Fifth band—tolerance +0.5% Green 
+0.25% Blue 
+0.1% Violet 


Resistor Reliability Band Anextra band on some color-coded resistors indicates the re- 
sistor’s reliability in percent of failures per 1000 hours (1000 h) of use. The reliability color 
code is listed in Table 2-3. For example, a brown fifth band on a 4-band color-coded resis- 
tor means that if a group of like resistors is operated under standard conditions for 1000 h, 
1% of the resistors in that group will fail. 

Resistors, as well as other components, should be operated substantially below their 
rated values to enhance their reliability. 


all FAILURES DURING 
Reliability color code. COLOR 1000 h OF OPERATION 
Brown 1.0% 
Red 0.1% 
Orange 0.01% 
Yellow 0.001% 


EXAMPLE 2-5 Find the resistance value in ohms and the percent tolerance for each of the color-coded 
resistors shown in Figure 2—30. 


-—- -- -ii— 
(a) (b) (c) 
FIGURE 2-30 


Solution (a) First band is red = 2, second band is violet = 7, third band is black = 0, fourth 
band is gold = 0.1, fifth band is red = +2% tolerance. 


R = 270 X 0.1 = 27Q, + 2% 
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band is yellow = 4, second band is black = 0, third band is red = 2, fourth 
id is black = 0, fifth band is brown = + 1% tolerance. 


R= 4020 + 1% 
First band is orange = 3, second band is orange = 3, third band is red = 2, 


fourth band is orange = 3, fifth band is green = £0.5% tolerance. 
R = 332,000 0 + 0.5% 


ain resistor has a yellow first band, a violet second band, a green third band, a 


Resistor Label Codes 


Not all types of resistors are color coded. Many, including surface-mount resistors, use 
typographical marking to indicate the resistance value and tolerance. These label 
codes consist of either all numbers (numeric) or a combination of numbers and letters 
(alphanumeric). In some cases when the body of the resistor is large enough, the entire re- 
sistance value and tolerance are stamped on it in standard form. 


NumericLabeling This type of marking uses three digits to indicate the resistance value, 
as shown in Figure 2-31 using a specific example. The first two digits give the first two dig- 
its of the resistance value, and the third digit gives the multiplier or number of zeros that 
follow the first two digits. This code is limited to values of 10 © or greater. 


» FIGURE 2-31 
1 3 = eae Example of three-digit labeling for a 


| | resistor. 
Ist digit Multiplier (Number of zeros) 


2nd 
digit 


Alphanumeric Labeling Another common type of marking is a three- or four-character 
label that uses both digits and letters. This type of label typically consists of only three dig- 
its or two or three digits and one of the letters R, K, or M. The letter is used to indicate the 
multiplier, and the position of the letter indicates the decimal point placement. The letter R 
indicates a multiplier of 1 (no zeros after the digits), the K indicates a multiplier of 1000 
(three zeros after the digits), and the M indicates a multiplier of 1,000,000 (six zeros after 
the digits). In this format, values from 100 to 999 consist of three digits and no letter to rep- 
resent the three digits in the resistance value. Figure 2-32 shows three examples of this 
type of resistor label. 


ales = 22.0 Q2M2 = =2.22M0. Je ae = 2200 
eat anita seaieiiay anil ne —s 
Ist digit = fr Decimal point Ist digit *| fe 2nd digit Ist digit ci | [aa Decimal point 
and multiplier and multiplier 
2nd Decimal point 2nd 
digit and multiplier digit —— 3rd digit 


& FIGURE 2-32 


Examples of the alphanumeric resistor label. 


38 © VOLTAGE, CURRENT, AND RESISTANCE 


alphanumeric resistor labels: 


(c) 68K (d) 10M (e) 3M3 


(b) 5R6 = 5.60, (c) 68K = 68k0 
(e) 3M3 = 3.3M0 


One system of labels for resistance tolerance values uses the letters F, G, and J: 
F= +1% G= £2% = +5% 


For example, 620F indicates a 620 Q resistor with a tolerance of + 1%, 4RO6G is a 4.6 0 
+2% resistor, and 56KJ is a 56kQ. +5% resistor. 


Variable Resistors 


Variable resistors are designed so that their resistance values can be changed easily with a 
manual or an automatic adjustment. 

Two basic uses for variable resistors are to divide voltage and to control current. The 
variable resistor used to divide voltage is called a potentiometer. The variable resistor 
used to control current is called a rheostat. Schematic symbols for these types are shown 
in Figure 2-33. The potentiometer is a three-terminal device, as indicated in part (a). Ter- 
minals | and 2 have a fixed resistance between them, which is the total resistance. Termi- 
nal 3 is connected to a moving contact (wiper). You can vary the resistance between 3 and 
1 or between 3 and 2 by moving the contact up or down. 


3 Output (wiper) terminal 


Wiper 
1 1 1 Iper wo 
= 2 
3 , 
Ses Resistive element 
2 2 2 
(a) Potentiometer (b) Rheostat (c) Potentiometer connected (d) Basic construction (simplified) 


as a theostat 


& FIGURE 2-33 
Potentiometer and rheostat symbols and basic construction of one type of potentiometer. 


Figure 2—33(b) shows the rheostat as a two-terminal variable resistor. Part (c) shows 
how you can use a potentiometer as a rheostat by connecting terminal 3 to either terminal 
1 or terminal 2. Parts (b) and (c) are equivalent symbols. Part (d) shows a simplified con- 
struction diagram of a potentiometer (which can also be configured as a rheostat). Some 
typical potentiometers are pictured in Figure 2-34. 

Potentiometers and rheostats can be classified as linear or tapered, as shown in Fig- 
ure 2—35, where a potentiometer with a total resistance of 100 © is used as an example. As 
shown in part (a), in a linear potentiometer, the resistance between either terminal and the 
moving contact varies linearly with the position of the moving contact. For example, one- 
half of the total contact movement results in one-half the total resistance. Three-quarters of 
the total movement results in three-quarters of the total resistance between the moving con- 


tact and one terminal, or one-quarter of the total resistance between the other terminal and 
the moving contact. 


REsISTORS ® 


« FIGURE 2-34 
Typical potentiometers and two construction views. 


1 Quarter turn 2. Half turn 3. Three-quarter turn 1. Quarter turn 2. Half turn 


(a) Linear (b) Tapered (nonlinear) 


& FIGURE 2-35 
Examples of linear and tapered potentiometers. 


In the tapered potentiometer, the resistance varies nonlinearly with the position of the 
moving contact, so that one-half of a turn does not necessarily result in one-half the total 
resistance. This concept is Ulustrated in Figure 2—35(b), where the nonlinear values are ar- 
bitrary. 

The potentiometer is used as a voltage-control device because when a fixed voltage is 
applied across the end terminals, a variable voltage is obtained at the wiper contact with re- 
spect to either end terminal. The rheostat is used as a current-control device because the 
current can be changed by changing the wiper position. 


Two Types of Automatically Variable Resistors A thermistor is a type of variable re- 
sistor that is temperature sensitive. When its temperature coefficient is negative, the resis- 
tance changes inversely with tempeiature. When its temperature coefficient is positive, the 
resistance changes directly with temperature. 

The resistance of a photoconductive cell changes with a change in light intensity. This 
cell also has a negative temperature coefficient. Symbols for both of these devices are 
shown in Figure 2—36. Sometimes the Greek letter lambda (A) is used in conjunction with 
the photoconductive cell symbol. 


I 
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® FIGURE 2-36 FIGURE 2-36 
Symbols for resistive devices with 
sensitivities to temperature and 


light. 


(a) Thermistor (b) Photoconductive cell 


Jories of resistors? Briefly explain the difference between them. 
or code, what does each band represent? 
nd percent tolerance for each of the resistors in Figure 2-37. 


(a) (b) 
(d) (e) 


esistors in Figure 2-38, select the following values: 330 ©, 
and 39 KO. 


is indicated by each alphanumeric label: 
(}) 900 = (d) 6 M8 
nce between a rheostat and a potentiometer? 


2—6 THE ELectrRic CIRCUIT 


A basic electric circuit is an arrangement of physical components that use voltage, cur- 
rent, and resistance to perform some useful function. 


After completing this section, you should be able to 


« Describe a basic electric circuit 


+ Relate a schema 


¢ 


Describe various types of protective devices 


¢ 


Describe various types of switches 


+ 


Explain how wire sizes are related to gauge numbers 


+ 
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P Define ground or common “ 


Direction of Current 


For a few years after the discovery of electricity, people assumed all current consisted of 
moving positive charges. However, in the 1890s, the electron was identified as the charge 
carrier in solid conductors. 

Today, there are two accepted conventions for the direction of electrical current. 
Electron flow direction, preferred by many in the fields of electrical and electronics tech- 
nology, assumes for analysis purposes that current is out of the negative terminal of a volt- 
age source, through the circuit, and into the positive terminal of the source. Conventional 
current direction assumes for analysis purposes that current is out of the positive terminal 
of a voltage source, through the circuit, and into the negative terminal of the source. By fol- 
lowing the direction of conventional current, there is a rise in voltage across a source (neg- 
ative to positive) and a drop in voltage across a resistor (positive to negative). 

Since you cannot actually see current, only its effects, it actually makes no difference 
which direction of current is assumed as long as it is used consistently. The results of elec- 
tric circuit analysis are not affected by the direction of current that is assumed for analyti- 
cal purposes. The direction used for analysis is largely a matter of preference, and there are 
many proponents for each approach. 

Conventional current direction is also used in electronics technology and is used almost 
exclusively at the engineering level. Conventional current direction is used throughout this 
text. An alternate version of this text that uses electron flow direction is also available. 


The Basic Circuit 


Basically, an electric circuit consists of a voltage source, a load, and a path for current be- 
tween the source and the load. Figure 2-39 shows in pictorial form an example of a simple 
electric circuit: a battery connected to a lamp with two conductors (wires). The battery is 
the voltage source, the lamp is the load on the battery because it draws current from the 
battery, and the two wires provide the current path from the positive terminal of the battery 
to the lamp and back to the negative terminal of the battery. Current goes through the fila- 
ment of the lamp (which has a resistance), causing it to emit visible light. Current through 
the battery occurs by chemical action. 


<@ FIGURE 2-39 


Wire conductor 


A simple electric circuit. 


7 
| . - 
NN 
m4 } 
— 
Lamp 
(load) 


To avoid electrical 
shock, never touch a 
circuit while it is 
connected to a 
voltage source. If you 
need to handle a 
circuit, remove a component, or 
change a component, first make 
sure the voltage source is 
disconnected. 
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In many practical cases, one terminal of the battery is connected to a common or ground 
point. For example, in most automobiles, the negative battery terminal is connected to the 
metal chassis of the car. The chassis is the ground for the automobile electrical system and 
acts as a conductor that completes the circuit. 


The Electric Circuit Schematic An electric circuit can be represented by a schematic 
using standard symbols for each element, as shown in Figure 2—40 for the simple circuit 
in Figure 2-39. A schematic, in an organized manner, shows how the various components 
in a given circuit are interconnected so that the operation of the circuit can be determined. 


4& FIGURE 2-40 


Schematic for the drcuit in Circuit Current Control and Protection 
Figure 2-39. 


The example circuit in Figure 2-39 illustrated a closed circuit—that is, a circuit in which 
the current has a complete path. When the current path is broken, the circuit is called an 
open circuit. 


Mechanical Switches Switches are commonly used for controlling the opening or clos- 
ing of circuits. For example, a switch is used to turn a lamp on or off, as illustrated in Fig- 
ure 2-41. Each circuit pictorial is shown with its associated schematic. The type of switch 
indicated is a single-pole—single-throw (SPST) toggle switch. The term pole refers to the 
movable arm in a switch, and the term throw indicates the number of contacts that are af- 
fected (either opened or closed) by a single switch action (a single movement of a pole). 

Figure 2-42 shows a somewhat more complicated circuit using a single-pole—double- 
throw (SPDT) type of switch to control the current to two different lamps. When one lamp 


Closed Off X, On ie 

d switch 
switch ' 

+ 
<) 7 
+ = 
(a) There is current in a closed circuit because there is a complete (b) There is no current in an open circuit because the path is broken 
current path (switch is ON or in the closed position). Current is (switch is OFF or in the open position). 


almost always indicated by a red arrow in this text. 


4& FIGURE 2-41 


Illustration of closed and open circuits using an SPST switch for control. 


(a) Pictorial (b) A schematic showing (c) A schematic showing 


Lamp | on and Lamp 2 off Lamp 2 on and Lamp | off 


» FIGURE 2-42 


An example of an SPDT switch controlling two lamps. 
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(a) SPST (b) SPDT (c) DPST (d) DPDT (ec) NOPB (f) NCPB (g) Single-pole rotary 
(6-position) 


» FIGURE 2-43 
Switch symbols. 


is on, the other is off, and vice versa, as illustrated by the two schematics in parts (b) and 
(c), which represent each of the switch positions. 

In addition to the SPST and the SPDT switches (symbols are shown in Figure 2-43(a) 
and (b)), the following other types are important: 


¢ Double-pole-single-throw (DPST) The DPST switch permits simultaneous open- 
ing or closing of two sets of contacts. The symbol is shown in Figure 2-43(c). The 
dashed line indicates that the contact arms are mechanically linked so that both move 
with a single switch action. 


* Double-pole—-double-throw(DPDT) The DPDT switch provides connection from one set 
of contacts to either of two other sets. The schematic symbol is shown in Figure 2-43(d). 


¢@ Push-button (PB) In the normally open push-button switch (NOPB), shown in 
Figure 2—43(e), connection is made between two contacts when the button is de- 
pressed, and connection is broken when the button is released. In the normally closed 
push-button switch (NCPB), shown in Figure 2-43(f), connection between the two 
contacts is broken when the button is depressed. 


¢ Rotary Ina rotary switch, connection between one contact and any one of several 
others is made by turning a knob. A symbol for a simple six-position rotary switch is 
shown in Figure 2-43(g). 


Figure 2-44 shows several varieties of mechanical switches, and Figure 2-45 shows the 


construction view of a typical toggle switch. 


Toggle switch Rocker switch PC board mounted push-button switches Push-button switches 


Rotary switches DIP switches for mounting on PC boards 


» FIGURE 2-44 


Typical mechanical switches. 
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» FIGURE 2-46 


Transistor switches. 


> FIGURE 2-45 


Construction view of a typical toggle 
switch. 


Semiconductor Switches Transistors are widely used as switches in many applications. 
The transistor can be used as the equivalent of a single-pole—single-throw switch. You can 
open and close a circuit path by controlling the state of the transistor. Two types of transis- 
tor symbols are shown in Figure 2—46 with their mechanical switch equivalents 


fr 


Vv 
Current creates No current creates Voltage creates No voltage creates 
a closed switch. an open switch. a closed switch. an open switch. 
(a) Bipolar transistor (b) Field-effect transistor 


Here is a greatly simplified description of operation. One type, called the bipolar tran- 
sistor, is controlled by current. When there is current at a specific terminal, the transistor 
acts as a Closed switch; when there is no current at that terminal, the transistor acts as an 
open switch, as illustrated in Figure 2-46(a). Another type, called the field-effect transistor, 
is controlled by voltage. When there is voltage at a specific terminal, the transistor acts as 
a Closed switch; when there is no voltage at that terminal, the transistor acts as an open 
switch, as illustrated in part (b). 


Protective Devices Fuses and circuit breakers are used to deliberately create an open 
circuit when the current exceeds a specified number of amperes due to a malfunction or 
other abnormal condition in a circuit. For example, a 20 A fuse or circuit breaker will open 
a circuit when the current exceeds 20 A. 

The basic difference between a fuse and a Circuit breaker is that when a fuse is “blown,” 
it must be replaced; but when a circuit breaker opens, it can be reset and reused repeatedly. 
Both of these devices protect against damage to a circuit due to excess current or prevent a 
hazardous condition created by the overheating of wires and other components when the 
current is too great. Several typical fuses and circuit breakers, along with their schematic 
symbols, are shown in Figure 2—47, 

Two basic categories of fuses in terms of their physical configuration are cartridge type and 
plug type (screw in). Cartridge-type fuses have various-shaped housings with leads or other 
types of contacts, as shown in Figure 2—47(a). A typical plug-type fuse is shown in part (b). 
Fuse operation is based on the melting temperature of a wire or other metal element. As cur- 
rent increases, the fuse element heats up and when the rated current is exceeded, the element 
reaches its melting temperature and opens, thus removing power from the circuit. 

Two common types of fuses are the fast-acting and the time-delay (slow-blow). Fast- 
acting fuses are type F and time-delay fuses are type T. In normal operation, most fuses are 
subjected to intermittent current surges the exceed the rated current, such as when power to 
a circuit is turned on. Over time, this reduces the fuse’s ability to withstand short surges or 
even Curtent at the rated value. A slow-blow fuse can tolerate greater and longer duration 
surges of current than the typical fast-acting fuse. A fuse symbol is shown in Figure 2—47(c). 

Typical circuit breakers are shown in Figure 2—47(d) and the symbol is shown in part (e). 
Generally, a circuit breaker detects excess current either by the heating effect of the current 


(a) Cartridge fuses 


= a 


(d) Circuit breakers (e) Circuit breaker symbol 


» FIGURE 2-47 
Typical fuses and circuit breakers and their symbols. 


or by the magnetic field it creates. In a circuit breaker based on the heating effect, a 
bimetallic spring opens the contacts when the rated current is exceeded. Once opened, the 
contact is held open by mechanical means until manually reset. In a circuit breaker based 
on a magnetic field, the contacts are opened by a sufficient magnetic force created by 
excess current and must be mechanically reset. 


Wires 


Wires are the most common form of conductive material used in electrical applications. 
They vary in diameter and are arranged according to standard gauge numbers, called AWG 
(American Wire Gauge) sizes. As the gauge number increases, the wire diameter decreases. 
The size of a wire is also specified in terms of its cross-sectional area, as illustrated in 
Figure 2—48. A unit of cross-sectional area used for wires is the circular mil, abbreviated 
CM. One circular mil is the area of a wire with a diameter of 0.001 inch (1 mil). You can 


@ FIGURE 2-48 


Cross-sectional area of a wire. 


Cross-sectional area, A A=1CM 


(b) Plug fuse 
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(c) Fuse symbol 
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find the cross-sectional area by expressing the diameter in thousandths of an inch (mils) 
and squaring it, as follows: 


Equation 2—5 A= 


where A is the cross-sectional area in circular mils and d is the diameter in mils. Table 2-4 
lists the AWG sizes with their corresponding cross-sectional area and resistance in ohms per 
1000 ft at 20°C. 


American Wire Gauge (AWG) sizes and resistances for solid round copper. 


RESISTANCE RESISTANCE 
AREA (CM) ((./1000 FT AT 20°C) AWG # AREA (CM) (11/1000 FT AT 20°C) 
0000 211,600 0.0490 19 1,288.1 8.051 

000 167,810 0.0618 20 1,021.5 10.15 

00 133,080 0.0780 21 810.10 12.80 

0 105,530 0.0983 22 642.40 16.14 

I 83,694 0.1240 23 509.45 20.36 

2 66,373 0.1563 24 404.01 25.67 

3) 52,634 0.1970 25) 320.40 2.37 

4 41,742 0.2485 26 254.10 40.81 

5 33,102 0.3133 27 201.50 51.47 

6 26,250 0.3951 28 159.79 64.90 

7 20,816 0.4982 29 126.72 81.83 
8 16,509 0.6282 30 100.50 103.2 
9 13,094 0.7921 31 79.70 130.1 
10 10,381 0.9989 32 63.21 164.1 
11 8,234.0 1.260 33 50.13 206.9 
12 6,529.0 1.588 34 39.75 260.9 
13 5,178.4 2.003 35 31.52 329.0 
14 4,106.8 2.525 36 25.00 414.8 
15 3,256.7 3.184 37 19.83 523.1 
16 2,582.9 4.016 38 15.72 659.6 
17 2,048.2 5.064 39 12.47 831.8 
18 1,624.3 6.385 40 9.89 1049.0 

EXAMPLE 2-7 What is the cross-sectional area of a wire with a diameter of 0.005 inch? 


d = 0.005 in. = 5 mils 
A=d=5%=25CM 


What is the cross-sectional area of a 0.0015 in. diameter wire? 


Wire Resistance Although copper wire conducts electricity extremely well, it still has 
some resistance, as do all conductors. The resistance of a wire depends on three physical 
characteristics: (a) type of material, (b) length of wire, and (c) cross-sectional area. In ad- 
dition, temperature can also affect the resistance. 
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Each type of conductive material has a characteristic called its resistivity, p. For each 
material, p is a constant value at a given temperature. The formula for the resistance of a 
wire of length / and cross-sectional area A is 


i 3 
R= Liss Equation 2-6 
A 
This formula shows that resistance increases with an increase in resistivity and length and 
decreases with an increase in cross-sectional area. For resistance to be calculated in ohms, 


the length must be in feet, the cross-sectional area in circular mils, and the resistivity in 
CM-O/ft. 


— pl _ (10.37 CM-0/f)(100 ft) 


R = 1.2800 


A 810.1 CM 


letermine the resistance of 100 ft of copper wire with a cross- 


.1 CM. Compare with the calculated result. 


As mentioned, Table 2—4 lists the resistance of the various standard wire sizes in ohms 
per 1000 feet at 20°C. For example, a 1000 ft length of 14 gauge copper wire has a resis- 
tance of 2.525 0. A 1000 ft length of 22 gauge wire has a resistance of 16.14 0. Fora given 
length, the smaller wire has more resistance. Thus, for a given voltage, larger wires can 
carry more current than smaller ones. 


Ground 


Ground is the reference point in electric circuits. The term ground originated from the fact 
that one conductor of a circuit was typically connected with an 8-foot long metal rod driven 
into the earth itself. Today, this type of connection is referred to as an earth ground. In 
household wiring, earth ground is indicated with a green or bare copper wire. Earth ground 
is normally connected to the metal chassis of an appliance or a metal electrical box for 
safety. Unfortunately, there have been exceptions to this rule, which can present a safety 
hazard if a metal chassis is not at earth ground. It is a good idea to confirm that a metal 
chassis is actually at earth ground potential before doing any work on an instrument or ap- 
pliance. 

Another type of ground is called a reference ground. Voltages are always specified with 
respect to another point. If that point is not stated explicitly, the reference ground is under- 
stood. Reference ground defines 0 V for the circuit. The reference ground can be at a com- 
pletely different potential than the earth ground. Reference ground is also called common 
and labeled COM or COMM because it represents a common conductor. When you are 
wiring a protoboard in the laboratory, you will normally reserve one of the bus strips (a 
long line along the length of the board) for this common conductor. 

Three ground symbols are shown in Figure 2—49. Unfortunately, there is not a separate ub al 
symbol to distinguish between earth ground and reference ground. The symbol in (a) rep- aaa dE 
resents either an earth ground or a reference ground, (b) shows a chassis ground, and (c) is (a) 
an alternate reference symbol typically used when there is more than one common con- 
nection (such as analog and digital ground in the same circuit). In this book, the symbol in 4 FIGURE 2-49 
part (a) will be used throughout. Commonly used ground symbols. 

An instrument such as a laboratory power supply may have a green terminal that is la- 
beled as earth ground. Figure 2-50 shows a triple output power supply. Each of the three 


(b) (c) 
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> FIGURE 2-50 


A triple output power supply. 
(Courtesy of B+K Precision) 


Earth 
ground 
terminal 


power supplies in the same chassis is isolated from the earth ground. An earth ground con- 
nection is brought out to the front panel on the separate green connector on the left side, for 
cases when earth ground is required. Internally, this is tied to the center (round) pin on the 
ac plug. 

If you want to connect a positive supply to a circuit, the earth ground is not used and the 
ground reference (common) for the circuit is the (—) terminal of the supply. If you require 
a negative voltage, the (+) terminal is the ground reference. Many circuits require both pos- 
itive and negative supplies, so in this case the (+) terminal of one supply can be connected 
to the negative terminal of the other supply which becomes the reference. Figure 2-51 
illustrates this type of connection. The earth ground is not used for this application. Notice 
that for the example circuit board, the amplifier circuit requires a common connection be- 
tween two points which is connected to the power supply reference ground or common. As 
illustrated in the figure, a schematic drawing can show the common reference with a 
ground symbol or symbols. When a ground symbol is not shown on a circuit schematic, the 
common or reference point is generally assumed to be either the negative side or the posi- 
tive of the voltage source, depending on the circuit configuration. 


Sa a Metal housing 
Triple Output Power Supply 


Earth ground 


terminal Power supply A Power supply B Power supply C 


Chassis 
ground 


Schematic drawing of the amplifier circuit 
+V 


Reference 
ground 
(common) 


Input 


Output 


ee 


Amplifier circuit wired on PC Reference ground (common). The 
board or protoboard same symbol as earth ground is 
commonly used. 


4 FIGURE 2-51 


Example of using grounds in a circuit application 
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Figure 2—52 illustrates a simple circuit with ground connections. The current is from the 
positive terminal of the 12 V source, through the lamp, and back to the negative terminal of 
the source through the ground connection. Ground provides a return path for the current 
back to the source because all of the ground points are electrically the same point. The volt- 
age at the top of the circuit is +12 V with respect to ground. 


a FIGURE 2-52 


A simple circuit with ground 
connections. 


nents of an electric circuit? 


etween a fuse and a circuit breaker? 
meter, AWG 3 or AWG 22? 
in an electric circuit? 


2-7 Basic CIRCUIT MEASUREMENTS 


An electronics technician cannot function without knowing how to measure voltage, 
current, and resistance. 


After completing this section, you should be able to 
¢ Make basic circuit measurements 

« Properly measure voltage in a Circuit 

¢ Properly measure current in a circuit 

‘* Properly meature resistance 


4 7 


Voltage, current, and resistance measurements are commonly required in electronics 
work. The instrument used to measure voltage is a voltmeter, the instrument used to mea- 
sure Current is an ammeter, and the instrument used to measure resistance is an 
ohmmeter. Commonly, all three instruments are combined into a single instrument called 
a multimeter, in which you can choose what specific quantity to measure by selecting the 
appropriate function with a switch. 


Meter Symbols 


Throughout this book, certain symbols will be used in circuits to represent meters, as 
shown in Figure 2-53. You may see any of four types of symbols for voltmeters, ammeters, 
or ohmmeters, depending on which symbol most effectively conveys the information 
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Alligator 
clips 


(350, 
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(a) Digital (b) Bar graph (c) Analog (d) Generic 


4 FIGURE 2-53 


Examples of meter symbols used in this book. Each of the symbols can be used to represent either an 
ammeter (A), a voltmeter (V), or an ohmmeter (Q). 


required. The digital meter symbol is used when specific values are to be indicated in a 
circuit. The bar graph meter symbol and sometimes the analog meter symbol are used to 
illustrate the operation of a circuit when relative measurements or changes in quantities, 
rather than specific values, need to be depicted. A changing quantity may be indicated by 
an arrow in the display showing an increase or decrease. The generic symbol is used to in- 
dicate placement of meters in a circuit when no values or value changes need to be shown. 


Measuring Current 


Figure 2—54 illustrates how to measure current with an ammeter. Part (a) shows a simple 
circuit in which the current through the resistor is to be measured. First make sure the range 
setting of the ammeter is greater than the expected current and then connect the ammeter in 
the current path by first opening the circuit, as shown in part (b). Then insert the meter as 
shown in part (c). Such a connection is a series connection. The polarity of the meter must 
be such that the current is in at the positive terminal and out at the negative terminal. 


—— ow 
+ 


(a) Circuit in which the current is to be measured (b) Open the circuit either between the resistor and the positive 


terminal or between the resistor and the negative terminal of 
source. 


(c) Install the ammeter in the current path with polarity as shown (negative to 
negative, positive to positive). 


FIGURE 2-54 


Example of an ammeter connection in a simple circuit to measure current. 


Measuring Voltage 


To measure voltage, connect the voltmeter across the component for which the voltage is to 
be found. Such a connection is a parallel connection. The negative terminal of the meter must 
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be connected to the negative side of the circuit, and the positive terminal of the meter must be 
connected to the positive side of the circuit. Figure 2-55 shows a voltmeter connected to 
measure the voltage across the resistor. 


Never wear rings or 
any type of metallic 
jewelry while working 
on a Circuit. These 
items may acciden- 
tally come in contact 
with the circuit, causing shock 
and/or damage to the circuit. 


& FIGURE 2-55 
Example of a voltmeter connection in a simple circuit to measure voltage. 


Measuring Resistance 


To measure resistance, first turn off the power and disconnect one end or both ends of the 
resistor from the circuit; then connect the ohmmeter across the resistor. This procedure is 
shown in Figure 2—56. 


@ FIGURE 2-56 


I 4 — So ee 
CEO Example of using an ohmmeter to 
measure resistance. 


—= 2_ = 
+ —_ 
(a) Disconnect the resistor from the (b) Measure the resistance. 
circuit to avoid damage to the meter (Polarity is not important.) 


and/or incorrect measurement. 


Digital Multimeters 


A DMM (digital multimeter) is an electronic instrument that combines meters for the mea- 
surement of voltage, current, and resistance. DMMs are the most widely used type of electronic 
measuring instrument. Generally, DMMs provide more functions, better accuracy, greater ease 
of reading, and greater reliability than do many analog meters. Analog meters have at least one 
advantage over DMMs, however. They can track short-term variations and trends in a measured 
quantity that many DMMs are too slow to respond to. Figure 2-57 shows typical DMMs. 


DMM Functions The basic functions found on most DMMs include the following: 
¢ Ohms 
¢ DC voltage and current 
¢ AC voltage and current 


Some DMMs provide special functions such as transistor or diode tests, power measure- 
ment, and decibel measurement for audio amplifier tests. Some meters require manual 
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® FIGURE 2-57 


Typical digital multimeters (DMMs). 


(Courtesy of B+K Precision) 


» FIGURE 2-58 
Seven-segment display. 


selection of the ranges for the functions. Many meters provide automatic range selection 
and are called autoranging. 


DMM Displays DMMs are available with either LCD (liquid-crystal display) or LED 
(light-emitting diode) readouts. The LCD is the most commonly used readout in battery- 
powered instruments because it requires only very small amounts of current. A typical battery- 
powered DMM with an LCD readout operates on a 9 V battery that will last from a few 
hundred hours to 2000 hours and more. The disadvantages of LCD readouts are that (a) they 
are difficult or impossible to see in low-light conditions and (b) they are relatively slow to re- 
spond to measurement changes. LEDs, on the other hand, can be seen in the dark and respond 
quickly to changes in measured values. LED displays require much more current than LCDs, 
and, therefore, battery life is shortened when LEDs are used in portable equipment. 

Both LCD and LED DMM displays are in a 7-segment format. Each digit in a display 
consists of seven separate segments as shown in Figure 2—58(a). Each of the ten decimal 
digits is formed by the activation of appropriate segments, as illustrated in Figure 2—58(b). 
In addition to the seven segments, there is also a decimal point. 


(a) (b) 


Resolution The resolution of a DMM is the smallest increment of a quantity that the 
meter can measure. The smaller the increment, the better the resolution. One factor that de- 
termines the resolution of a meter is the number of digits in the display. 

Because many DMMs have 3) digits in their display, we will use this case for illustra- 
tion. A 3%4-digit multimeter has three digit positions that can indicate from 0 through 9, and 
one digit position that can indicate only a value of 0 or 1. This latter digit, called the half- 
digit, is always the most significant digit in the display. For example, suppose that a DMM 
is reading 0.999 V, as shown in Figure 2—59(a). If the voltage increases by 0.001 V to 1 V, 
the display correctly shows 1.000 V, as shown in part (b). The “1” is the half-digit. Thus, 
with 34 digits, a variation of 0.001 V, which is the resolution, can be observed. 

Now, suppose that the voltage increases to 1.999 V. This value is indicated on the meter as 
shown in Figure 2~59(c). If the voltage increases by 0.001 V to 2 V, the half-digit cannot display 
the “2,” so the display shows 2.00. The half-digit is blanked and only three digits are active, as 
indicated in part (d). With only three digits active, the resolution is 0.01 V rather than 0.001 V 
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» FIGURE 2-59 
A 3/-digit DMM illustrates how the resolution changes with the number of digits in use. 


as it is with 344 active digits. The resolution remains 0.01 V up to 19.99 V. The resolution goes 
to 0.1 V for readings of 20.0 V to 199.9 V. At 200 V, the resolution goes to 1 V, and so on. 

The resolution capability of a DMM is also determined by the internal circuitry and the 
rate at which the measured quantity is sampled. DMMs with displays of 44 through 8% 
digits are also available. 


Accuracy The accuracy is the degree to which a measured value represents the true or 
accepted value of a quantity. The accuracy of a DMM is established strictly by its internal 
circuitry and calibration. For typical DMMs, accuracies range from 0.01% to 0.5%, with 
some precision laboratory-grade DMMs going to 0.002%. 


Reading Analog Multimeters 


Although the DMM is the predominate type of multimeter, you may occasionally have to 
use an analog meter. A representation of a typical analog multimeter is shown in Figure 
2-60. This particular instrument can be used to measure both direct current (dc) and al- 
ternating current (ac) quantities as well as resistance values. It has four selectable 


» FIGURE 2-60 
A typical analog multimeter. 
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functions: dc volts (DC VOLTS), de milliamperes (DC mA), ac volts (AC VOLTS), and 
OHMS. Most analog multimeters are similar to this one. 

Within each function there are several ranges, as indicated by the brackets around the se- 
lector switch. For example, the DC VOLTS function has 0.3 V, 3 V, 12 V, 60 V, 300 V, and 
600 V ranges. Thus, dc voltages from 0.3 V full-scale to 600 V full-scale can be measured. 
On the DC mA function, direct currents from 0.06 mA full-scale to 120 mA full-scale can 
be measured. On the ohm scale, the settings are X1, X10, 100, x 1000, and *100,000. 


The Ohm Scale Ohms are read on the top scale of the meter. This scale is nonlinear; that 
is, the values represented by each division (large or small) vary as you go across the scale. 
In Figure 2-60, notice how the scale becomes more compressed as you go from right to left. 

To read the actual value in ohms, multiply the number on the scale as indicated by the 
pointer by the factor selected by the switch. For example, when the switch is set at x 100 
and the pointer is at 20, the reading is 20 X 100 = 2000 2. 

As another example, assume that the switch is at X10 and the pointer is at the seventh 
small division between the | and 2 marks, indicating 17 0 (1.7 X 10). Now, if the meter 
remains connected to the same resistance and the switch setting is changed to <1, the 
pointer will move to the second small division between the 15 and 20 marks. This, of 
course, is also a 17 © reading, illustrating that a given resistance value can often be read at 
more than one range switch setting. However, the meter should be zeroed each time the 
range is changed by touching the leads together and adjusting the needle. 


The AC-DC and DC mA Scales _ The second, third, and fourth scales from the top, labeled 
“AC” and “DC,” are used in conjunction with the DC VOLTS and AC VOLTS functions. 
The upper ac-dc scale ends at the 300 mark and is used with range settings, such as 0.3, 3, 
and 300. For example, when the switch is at 3 on the DC VOLTS function, the 300 scale has 
a full-scale value of 3 V; at the range setting of 300, the full-scale value is 300 V. The mid- 
dle ac-de scale ends at 60. This scale is used in conjunction with range settings, such as 
0.06, 60, and 600. For example, when the switch is at 60 on the DC VOLTS function, the 
full-scale value is 60 V. The lower ac-dc scale ends at 12 and is used in conjunction with 
switch settings, such as 1.2, 12, and 120. The three DC mA scales are used in a similar way 
to measure current. 


(voltage, current, or resistance) that is being measured and its 
d switch setting on the meter in Figure 2-61. 


on the DC VOLTS function and the 60 V range. 
on the DC mA function and the 12 mA range. 


set on the OHMS function and the X 1K range. 
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Solution (a) The reading taken from the middle AC-DC scale is 18 V. 
(b) The reading taken from the lower AC-DC scale is 3.8 mA. 
(c) The reading taken from the ohms scale (top) is LOkQ. 


Related Problem In Figure 2-61 the switch is moved to the X100 ohms setting. Assuming that the same 
resistance is being measured as in part (c), what will the needle do? 


rent of {a) current, (b) voltage, and (c) resistance. 


circuit of Figure 2~42 to measure the current through 
the polarities). How can the same measurements be 


‘to measure the voltage across Lamp 2 in Figure 2-42. 
IM displays, and discuss the advantages and disadvan- 


0 is set on the 3 V range to measure dc voltage. The 
ac-dc scale. What voltage is being measured? 


r in Figure 2-60 to measure 275 V dc, and on what scale 


resistance in excess of 20 kO,, where do you set the switch? 


2—8 ELECTRICAL SAFETY 


Safety is a major concern when working with electricity. The possibility of an electric 
shock or a burn is always present, so caution should always be used. You provide a 
current path when voltage is applied across two points on your body, and current pro- 
duces electrical shock. Electrical components often operate at high temperatures, so 
you can sustain skin burns when you come in contact with them. Also, the presence of 
electricity creates a potential fire hazard. 


After completing this section, you should be able to 
* Recognize electrical hazards and practice proper safety procedures 
« Describe the cause of electrical shock 
« List the groups of current paths through the body 
¢ Discuss the effects of current on the human body 


¢ List the safety precautions that you should observe when you work with elec- 
tricity 


Electric Shock 


Current through your body, not the voltage, is the cause of electrical shock. Of course, it 
takes voltage across a resistance to produce current. When a point on your body comes in 
contact with a voltage and another point comes in contact with a different voltage or with 
ground, such as a metal chassis, there will be current through your body from one point to 
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» TABLE 2-5 


Physical effects of electrical current. 


Values vary depending on body mass. 


the other. The path of the current depends on the points across which the voltage occurs. 
The severity of the resulting electrical shock depends on the amount of voltage and the path 
that the current takes through your body. The current path through the body determines 
which tissues and organs will be affected. 


Effects of Current on the Human Body The amount of current is dependent on voltage 
and resistance. The human body has resistance that depends on many factors, which in- 
clude body mass, skin moisture, and points of contact of the body with a voltage potential. 
Table 2-5 shows the effects for various values of current in milliamperes. 


CURRENT (mA) PHYSICAL EFFECT 


Body Resistance Resistance of the human body is typically between 10k and 50k. 
and depends on the two points between which it is measured. The moisture of the skin also 
affects the resistance between two points. The resistance determines the amount of voltage 
required to produce each of the effects listed in Table 2-5. For example, if you have a re- 
sistance of 10kQ, between two given points on your body, 90 V across those two points 
will produce enough current (9 mA) to cause painful shock. 


Safety Precautions 


There are many practical things that you should do when you work with electrical and elec- 
tronic equipment. Some important precautions are listed here. 


« Avoid contact with any voltage source. Turn power off before you work on circuits 
when touching circuit parts is required. 


¢ Do not work alone. A telephone should be available for emergencies. 
* Donot work when tired or taking medications that make you drowsy. 
« Remove rings, watches, and other metallic jewelry when you work on circuits. 


Do not work on equipment until you know proper procedures and are aware of po- 
tential hazards. 


¢ Use equipment with three-wire power cords (three-prong plug). 
Make sure power cords are in good condition and grounding pins are not missing or bent. 


Keep your tools properly maintained. Make sure the insulation on metal tool handles 
is in good condition. 


¢ Handle tools properly and maintain a neat work area. 
« Wear safety glasses when appropriate, particularly when soldering and clipping wires. 


¢ Always shut off power and discharge capacitors before you touch any part of a cir- 
cuit with your hands. 
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Know the location of the emergency power-off switch and emergency exits. 

* Never try to override or tamper with safety devices such as an interlock switch. 

e Always wear shoes and keep them dry. Do not stand on metal or wet floors. 

¢@ Never handle instruments when your hands are wet. 

Never assume that a circuit is off. Double-check it with a reliable meter before handling. 


* Set the limiter on electronic power supplies to prevent currents larger than necessary 
to supply the circuit under test. 


Some devices such as capacitors can store a lethal charge for long periods after 
power is removed. They must be properly discharged before you work with them. 


* When making circuit connections, always make the connection to the point with the 
highest voltage as your last step. 


Avoid contact with the terminals of power supplies. 

Always use wires with insulation and connectors or clips with insulating shrouds. 

* Keep cables and wires as short as possible. Connect polarized components properly. 
* Report any unsafe condition. 


* Be aware of and follow all workplace and laboratory rules. Do not have drinks or 
food near equipment. 


¢ If another person cannot let go of an energized conductor, switch the power off im- 
mediately. If that is not possible, use any available nonconductive material to try to 
separate the body from the contact. 


a 


1. What causes physical pain and/or damage to the body when electrical contact is made? 
2. It’s OK to wear a ring when working on an electrical circuit —_(T or F) 

3. Standing on a wet floor presents no safety hazard when working with electricity. 
(T or F) 

4. A circuit can be rewired without removing the power if you are careful. _(T or F) 

5. Electrical shock can be extremely painful or even fatal. (T or F) 


A Circuit Application 


In this application, a dc voltage is ap- | set the amount of current through the lamp to back-light the in- 


plied to a circuit in order to produce —_—;_ struments. The brightness of the lamp is proportional to the 
current through a lamp and produce amount of current through the lamp. The switch used to turn the 
light. You will see how the current is : lamp on and off is the same one used for the headlights. There is 
controlled by resistance. The circuit that you will be working a fuse for circuit protection in case of a short circuit. 
with simulates the instrument illumination circuit in a car, which Figure 2-62 shows the schematic for the illumination circuit. 
allows you to increase or decrease the amount of light on the in- Figure 2-63 shows a breadboarded circuit which simulates the 
struments. illumination circuit by using components that are functionally 
The instrument panel illumination circuit in an automobile ! equivalent but not physically the same as those in a car. A labo- 


operates from the 12 V battery that is the voltage source for the ratory dc power supply is used in the place of an actual automo- 
bile battery. The protoboard in Figure 2-63 is a type that is 
controlled by a knob on the instrument panel, which is used to: commonly used for constructing circuits on the test bench. 


circuit. The circuit uses a potentiometer connected as a rheostat, 
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Lamp 


» FIGURE 2-62 
Basic panel illumination circuit schematic. 


The Test Bench 


Figure 2—63 shows the breadboarded circuit, a dc power supply, 


and a digital multimeter. The power supply is connected to pro- 
vide 12 V to the circuit. The multimeter is used to measure cur- 
rent, voltage, and resistance in the circuit. 


@ Identify each component in the circuit and check the bread- 
boarded circuit in Figure 2-63 to make sure it is connected as 
the schematic in Figure 2-62 indicates. 


@ Explain the purpose of each component in the circuit. 


As shown in Figure 2-64, the typical protoboard consists of 
rows of small sockets into which component leads and wires are 
inserted. In this particular configuration, all five sockets in each 
row are connected together and are effectively one electrical point 
as shown in the bottom view. All sockets arranged on the outer 
edges of the board are typically connected together as shown. 


Measuring Current with the Multimeter 


Set the DMM to the ammeter function to measure current. You 
must break the circuit in order to connect the ammeter in series 
to measure current. Refer to Figure 2-65. 


V = indicates dc/ac function in the same switch position 


» FIGURE 2-63 
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Test bench setup for simulating the panel illumination circuit. 
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4 FIGURE 2-64 
A typical protoboard used for breadboarding. 


~ FIGURE 2-65 


Current measurements. The 
circled numbers indicate the 
meter-to-circuit connections. 
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@ Redraw the schematic in Figure 2-62 to include the ammeter. 


@ For which measurement (A, B, or C) is the lamp brightest? 
Explain. 

@ List the change(s) in the circuit that can cause the ammeter 
reading to go from A to B. 


@ List the circuit condition(s) that will produce the ammeter 
reading in C. 


Measuring Voltage with the Multimeter 


Set the DMM to the voltmeter function to measure voltage. You 


must connect the voltmeter to the two points across which you 
are measuring the voltage. Refer to Figure 2-66. 


@ Across which component is the voltage measured? 


@ Redraw the schematic in Figure 2—62 to include the voltmeter. 


G5 & @& 


RESET 9/LPD 


@ For which measurement (A or B) is the lamp brighter? 
Explain. 

@ List the change(s) in the circuit that can cause the voltmeter 
reading to go from A to B. 


Measuring Resistance with the Multimeter 


Set the DMM to the ohmmeter function to measure resistance. 
Before you connect the ohmmeter, you must disconnect the 
resistance to be measured from the circuit. Before you discon- 
nect any component, first turn the power supply off. Refer to 
Figure 2-67. 

@ For which component is the resistance measured? 


@ For which measurement (A or B) will the lamp be brighter when 
the circuit is reconnected and the power turned on? Explain. 
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Voltage measurements. 
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A FIGURE 2-67 
Resistance measurements. 


Review i 2. Should the potentiometer be adjusted to a higher or lower re- 


1. If the de supply voltage in the panel illumination circuit is | __‘SiStance for the circuit to produce more light? 
reduced, how is the amount of light produced by the lamp - 
affected? Explain. 
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an 
Po LUTTE eee 
® Anatom is the smallest particle of an element that retains the characteristics of that element. 


@ When electrons in the outer orbit of an atom (valence electrons) break away, they become free 
electrons. 


Free electrons make current possible. 

Like charges repel each other, and opposite charges attract each other. 
Voltage must be applied to a circuit to produce current. 

Resistance limits the current. 

Basically, an electric circuit consists of a source, a load, and a current path. 
An open circuit is one in which the current path is broken. 

A closed circuit is one which has a complete current path. 

An ammeter is connected in line with the current path. 

A voltmeter is connected across the current path. 

An ohmmeter is connected across a resistor (resistor must be disconnected from circuit) 
One coulomb is the charge of 6.25  10!® electrons. 


oeet © © 6 OOO OM 


One volt is the potential difference (voltage) between two points when one joule of energy is used 
to move one coulomb from one point to the other. 


One ampere is the amount of current that exists when one coulomb of charge moves through a 
given cross-sectional area of a material in one second. 


® One ohm is the resistance when there is one ampere of current in a material with one volt applied 
across the material. 


® Figure 2-68 shows the electrical symbols introduced in this chapter. 


Ete ue ae OD LA 


Battery Resistor Potentiometer Rheostat Lam Ground 
ry Pp 


rll (oh 5) 
a Pe =) ro (9) o) 


aa 

oO oO Seles =e" e= o ee oso om—o OO 

NOPB NCPB SPST SPDT DPST DPDT Rotary 

switch switch switch switch switch switch switch 
Fuse Circuit breaker Voltmeter Ammeter Ohmmeter 
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and other bold terms in the chapter are defined in the end-of-book glossary. 


Ammeter An electrical instrument used to measure current. 
Ampere (A) The unit of electrical current. 
Atom The smallest particle of an element possessing the unique characteristics of that element 


AWG = American wire gauge; a standardization based on wire diameter. 
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Charge An electrical property of matter that exists because of an excess or a deficiency of elec- 
trons. Charge can be either positive or negative. 


Circuit An interconnection of electrical components designed to produce a desired result. A basic 
circuit consists of a source, a load, and an interconnecting current path. 


Closed circuit A circuit with a complete current path. 

Conductance The ability of a circuit to allow current. The unit is the siemens (S). 

Conductor A material in which electric current is easily established. An example is copper. 
Coulomb (C) The unit of electrical charge; the total charge possessed by 6.25 X 10'8 electrons. 
Current The rate of flow of charge (electrons). 

Current source A device that produces a constant current for a varying load. 


DMM. Digital multimeter; an electronic instrument that combines meters for measurement of volt- 
age, current, and resistance. 


Electrical shock The physical sensation resulting from electrical current through the body. 
Electron A basic particle of electrical charge in matter. The electron possesses negative charge. 


Free electron A valence electron that has broken away from its parent atom and is free to move 
from atom to atom within the atomic structure of a material. 


Ground The common or reference point in a circuit. 
Insulator A material that does not allow current under normal conditions. 


Load An element connected across the output terminals of a circuit that draws current from the 
source and upon which work is done. 


Ohm (Q) The unit of resistance. 

Ohmmeter An instrument for measuring resistance. 

Open circuit A circuit in which there is not a complete current path. 

Potentiometer A three-terminal variable resistor. 

Resistance Opposition to current. The unit is the ohm (Q) 

Resistor An electrical component specifically designed to have a certain amount of resistance. 
Rheostat A two-terminal variable resistor. 


Semiconductor A material that has a conductance value between that of a conductor and an insu- 
lator. Silicon and germanium are examples. 


Siemens (S) The unit of conductance. 
Volt The unit of voltage or electromotive force. 


Voltage The amount of energy per charge available to move electrons from one point to another in 
an electric circuit. 


Voltage source A device that produces a constant voltage for a varying load. 


Voltmeter An instrument used to measure voltage. 


FORMULAS 


ber of electr 

31 j= number u: electrons Charge 

6.25 X 10°° electrons/C 

Ww 
2-2 V= o Voltage equals energy divided by charge 

_@ x 

2-3 f= rs Current equals charge divided by time. 

1 ; ; é 
2-4 = x Conductance is the reciprocal of resistance. 
2-5 Ande Cross-sectional area equals the diameter squared. 

Z 

2-6 R= = Resistance is resistivity times length divided by 


cross-sectional] area. 
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Answers are at the end of the chapter. 


1. 


10. 


ll. 


12. 


13. 


14. 


A neutral atom with an atomic number of three has how many electrons? 


(a) 1 (b) 3 (c) none (d) depends on the type of atom 


. Electron orbits are called 


(a) shells (b) nuclei (c) waves (d) valences 


. Materials in which there is no current when voltage is applied are called 


(a) filters (b) conductors (c) insulators (d) semiconductors 


. When placed close together, a positively charged material and a negatively charged material 


will 


(a) repel (b) become neutral (c) attract (d) exchange charges 


. The charge on a single electron is 


(a) 625x10'%8C (b) 16x 10%C () 1610'S = (a) 3.14 xX 10°C 


. Potential difference is another term for 


(a) energy (b) voltage (c) distance of an electron from the nucleus (d) charge 


. The unit of energy is the 


(a) watt (b) coulomb (c) joule (d) volt 


. Which one of the following is not a type of energy source? 


(a) battery (b) solar cell (c) generator (d) potentiometer 
Which one of the following is not a possible condition in an electric circuit? 
(a) voltage and no current (b) current and no voltage 

(c) voltage and current (d) no voltage and no current 

Electrical current is defined as 

(a) free electrons 

(b) the rate of flow of free electrons 

(c) the energy required to move electrons 

(d) the charge on free electrons 

There is no current in a circuit when 

(a) a switch is closed (b) a switch is open (c) there is no voltage 
(d) answers (a) and (c) (e) answers (b) and (c) 

The primary purpose of a resistor is to 

(a) increase current (b) limit current 

(c) produce heat (d) resist current change 

Potentiometers and rheostats are types of 

(a) voltage sources (b) variable resistors 

(c) fixed resistors (d) circuit breakers 

The current in a given circuit is not to exceed 22 A. Which value of fuse is best? 
(a) 1OA (b) 25A (c) 20A (d) a fuse is not necessary 


More difficult problems are indicated by an asterisk (*). 
Answers to odd-numbered problems are at the end of the book. 


SECTION 2-2 Electrical Charge 


1. What is the charge in coulombs of the nucleus of a copper atom? 


2. What is the charge in coulombs of the nucleus of a chlorine atom? 


3. How many coulombs of charge do 50 < 107! electrons possess? 


4. How many electrons does it take to make 80 uC (microcoulombs) of charge? 
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SECTION 2-3 Voltage, Current, and Resistance 


SECTION 2-4 


SECTION 2-5 


5. 


Determine the voltage in each of the following cases: 
(a) lOY/C (b) 5J/2C (c) 100 I/25C 


. Five hundred joules of energy are used to move 100 C of charge through a resistor. Whar is the 


voltage across the resistor? 


. What is the voltage of a battery that uses 800 J of energy to move 40 C of charge through a 


resistor? 


. How much energy does a 12 V battery use to move 2.5 C through a circuit? 


. If a resistor with a current of 2 A through it converts 1000 J of electrical energy into heat 


energy in 15 s, what is the voltage across the resistor? 


. Determine the current in each of the following cases: 


(a) 75CinIs (b) 10Cin0.5s (c) 5Cin2s 


. Six-tenths coulomb passes a point in 3 s. What is the current in amperes? 

. How long does it take 10 C to flow past a point if the current is 5 A? 

. How many coulombs pass a point in 0.1 s when the current is 1.5 A? 

. 5.74 X 10!” electrons flow through a wire in 250 ms. What is the current in amperes? 


. Find the conductance for each of the following resistance values: 


(a) 50 (b) 25 (ec) 1000 
Find the resistance corresponding to the following conductances: 
(a) 01S (b) 05S (c) 0.02 S 


Voltage and Current Sources 


17. 
18. 
19. 
20. 


List four common sources of voltage. 
Upon what principle is electrical generators based? 
How does an electronic power supply differ from the other sources of voltage? 


A certain current source provides 100 mA to a | kQ, load. If the resistance is decreased to 
500 Q, what the current in the load? 


Resistors 


21. 


22. 


23. 


25. 


26. 


27. 


Determine the resistance values and tolerance for the following 4-band resistors: 

(a) red, violet, orange, gold (b) brown, gray, red, silver 

Find the minimum and the maximum resistance within the tolerance limits for each resistor in 
Problem 21. 


Determine the color bands for each of the following 4-band, 5% values: 330 ©, 2.2 kQ, 
56 kQ, 100 kQ, and 39 kQ. 


. Determine the resistance and tolerance of each of the following 4-band resistors: 


(a) brown, black, black, gold 
(b) green, brown, green, silver 
(c) blue, gray, black, gold 


Determine the color bands for each of the following 4-band resistors. Assume each has a 5% 
tolerance. 


(a) 0.470 (b) 270kQ (c) S1MQ 

Determine the resistance and tolerance of each of the following 5-band resistors: 
(a) red, gray, violet, red, brown 

(b) blue, black, yellow, gold, brown 

(c) white, orange, brown, brown, brown 


Determine the color bands for each of the following 5-band resistors. Assume each has a 1% 
tolerance. 


(a) 14.7kO (b) 39.20 (ce) 9.76kQ 
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28. The adjustable contact of a linear potentiometer is set at the mechanical center of its adjust- 
ment. If the total resistance is 1000 (2, what is the resistance between each end terminal and 
the adjustable contact? 


29. What resistance is indicated by 4K7? 
30. Determine the resistance and tolerance of each resistor labeled as follows: 
(a) 4R7J (b) 5602M (c) 1501F 


SECTION 2-6 The Electric Circuit 
31. Trace the current path in Figure 2—69(a) with the switch in position 2. 


32. With the switch in either position, redraw the circuit in Figure 2-69(d) with a fuse connected to 
protect the circuit against excessive current. 


ot oO 
io 
a —— a 
‘lL lee 1 | a 2 Bie 3 T Lamp | Lamp 2 
— 


(a) (b) 
1 2 i 2 
+ | + 
= =——s 
| Lamp 1 Lamp 2 Lamp 1 I Lamp 2 
(c) (d) 


4 FIGURE 2-69 


33. There is only one circuit in Figure 2—69 in which it is possible to have all lamps on at the same 
time. Determine which circuit it is. 


34. Through which resistor in Figure 2—70 is there always current regardless of the position of the 
switches? 


4 FIGURE 2-70 
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*35. Devise a switch arrangement whereby two voltage sources (Vs; and Vsz) can be connected 
simultaneously to either of two resistors (R; and R2) as follows: 


Vs, connected to R, and Vsz connected to Rp 


or Vg, connected to Rz and Vsz connected to Ry 


36. The different sections of a stereo system are represented by the blocks in Figure 2-71. Show 
how a single switch can be used to connect the phonograph, the CD (compact disk) player, the 
tape deck, the AM tuner, or the FM tuner to the amplifier by a single knob control. Only one 
section can be connected to the amplifier at any time. 


Phonograph 


Tape deck 


AM tuner 


FM tuner 


Compact 
disk player 


» FIGURE 2-71 


SECTION 2-7 Basic Circuit Measurements 


—o!] 


—Oo? 


—o4 


—o§5 


4 


6°— Amplifier = 


Speakers 


37. Show the placement of an ammeter and a voltmeter to measure the current and the source 


voltage in Figure 2-72. 


» FIGURE 2-72 


38. Explain how you would measure the resistance of R2 in Figure 2-72. 


39. In Figure 2-73, how much voltage does each meter indicate when the switch is in position 1? 


In position 2? 


» FIGURE 2-73 
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40. In Figure 2-73, indicate how to connect an ammeter to measure the current from the voltage 
source regardless of the switch position. 


41. In Figure 2-70, show the proper placement of ammeters to measure the current through each 
resistor and the current out of the battery. 


42. Show the proper placement of voltmeters to measure the voltage across each resistor in Figure 2~70. 


43. What is the voltage reading of the meter in Figure 2-74? 


» FIGURE 2-74 


COM VW/Q. 


® FIGURE 2-75 
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45. Determine the resistance indicated by each of the following ohmmeter readings and range settings: 
(a) pointer at 2, range setting at X10 
(b) pointer at 15, range setting at < 100,000 
(c) pointer at 45, range setting at x 100 

46. What is the maximum resolution of a 44-digit DMM? 


47. Indicate how you would connect the multimeter in Figure 2-75 to the circuit in Figure 2-76 to 
measure each of the following quantities. In each case indicate the appropriate function and range. 


(a) (b) Vy (c) R, 


® FIGURE 2-76 


SECTION REVIEWS 


SECTION 2-1 Atomic Structure 
1. The electron is the basic particle of negative charge. 
2. An atom is the smallest particle of an element that retains the unique characteristics of the element. 
3. An atom is a positively charged nucleus surrounded by orbiting electrons. 
4. Atomic number is the number of protons in a nucleus. 
5. No, each element has a different type of atom. 
6. A free electron is an outer-shell electron that has drifted away from the parent atom. 
7. Shells are energy bands in which electrons orbit the nucleus of an atom. 
8 


. Copper and silver 


SECTION 2-2 Electrical Charge 
1. Q = charge 
2. Unit of charge is the coulomb; C 


3. Positive or negative charge is caused by the loss or acquisition respectively of an outer-shell 
(valence) electron. 


10 X 10!” electrons 


= = 16 X 10 CC = 1.6 EC 
6.25 < 10!8 electrons/C 


SECTION 2-3 Voltage, Current, and Resistance 
1. Voltage is energy per unit charge. 
2. Volt is the unit of voltage. 
3. V= WO = 24I1I0C = 24V 
4. Current is the rate of flow of electrons; its unit is the ampere (A). 
5. electrons/coulomb = 6.25 x 108 
6. 1 = Of =20CAs =S5A 
7. Resistance is opposition to current. 
8. The unit of resistance is the ohm ((). 
9. One ohm exists when | V produces 1 A 
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SECTION 2-4 Voltage and Current Sources 


1. A voltage source is a device that produces a constant voltage for a varying load. 


2. 
3: 
4. 


5: 
6. 
7. 


A battery converts chemical energy to electrical energy. 
A solar cell uses the photovoltaic effect to convert light energy to electrical energy. 


A generator produces voltage by rotating a conductor through a magnetic field based on the 
principle of electromagnetic induction. 


An electronic power supply converts the commercially available ac voltage to dc voltage. 
A current source is a device that produces a constant current for a varying load. 


Transistor 


SECTION 2-5 Resistors 


1. 


4. 


35 


6. 
if 


Two resistor categories are fixed and variable. The value of a fixed resistor cannot be changed, 
but that of a variable resistor can. 


. First band: first digit of resistance value. Second band: second digit of resistance value. Third 


band: multiplier (number of zeros following the second digit). Fourth band: % tolerance. 


. (a) 27kQ + 10% (b) 1000 + 10% 


(c) 5.6MQ + 5% (d) 68kQ + 10% 


(e) 330 + 10% (f) 47kQ + 5% 

330 ©: (b); 2.2 KO: (d); 56 kO: (e); 100 kO: (f); 39 kQ: (a) 
(a) 33R = 330 (b) 5K6 = 5.6k0 

(c) 900 = 900 2 (d) 6M8 = 6.8M0Q 


A rheostat has two terminals; a potentiometer has three terminals 


A thermistor is a temperature-sensitive resistor. 


SECTION 2-6 _ The Electric Circuit 


1. 


An wh 


An electric circuit consists of a source, load, and current path between source and load 


An open circuit is one that has no path for current. 


. A closed circuit is one that has a complete path for current. 
. A fuse is not resettable, a circuit breaker is. 
. AWG 3 is larger. 


. Ground is the common or reference point. 


SECTION 2-7 Basic Circuit Measurements 


1. (a) An ammeter measures current. 


(b) A voltmeter measures voltage. 


(c) An ohmmeter measures resistance 


2. See Figure 2-77. 


(a) Two ammeters (b) One ammeter 


& FIGURE 2-77 
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3. See Figure 2-78. 


> FIGURE 2-78 


4. Two types of DMM displays are liquid-crystal display (LCD) and light-emitting display 
(LED). The LCD requires little current, but it is difficult to see in low light and is slow to 
respond. The LED can be seen in the dark, and it responds quickly. However, it requires 
much more current than does the LCD. 


5. Resolution is the smallest increment of a quantity that the meter can measure. 
6. 1.5V 

7. Set the range switch to 300 and read on the upper ac-dc scale. 

8. 1000 range 


SECTION 2-8 Electrical Safety 
1. Current 
F 


ye wp 


F 
F 
it 


A Circuit Application 
1. Less voltage causes Jess light because the current is reduced 


2. A lower resistance will result in more light. 


RELATED PROBLEMS FOR EXAMPLES 
2-1 1.88 X 10!° electrons 

2-2 6003 

2-3 12C 

2-4 4700Q + 5% 

2-5 47.50 + 2% 

2-6 1.25kO. 

2-7 2.25 CM 

2-8 1.280 Q; same as calculated result 

2-9 The needle will move left to the “100” mark. 


SELF-TEST 
1. (b) 2. (a) 3. (c) 4. (c) 5. (b) 6. (b) 1. (©) 8. (d) 
9. (b) 10. (b) 11. (e) 12. (b) 13. (b) 14. (c) 
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The Relationship of Current, Voltage, and Resistance 
Calculating Current 

Calculating Voltage 

Calculating Resistance 

Introduction to Troubleshooting 

A Circuit Application 


Explain Ohm’s law 

Calculate current in a circuit 

Calculate voltage in a circuit 

Calculate resistance in a circuit 

Describe a basic approach to troubleshooting 


Ohim’s law 
Linear 
Troubleshooting 


IVICA 
: & 


n this application, you will see how Ohim’s law is used in a 
ractical circuit. You are assigned the task of modifying an 
isting test fixture for use in a new application. The test 
ixture is a resistance box with an array of switch-selectable 
esistors of various values. You will determine and specify 
“the changes necessary in the existing circuit for the new 
‘application. Also, you will develop a test procedure once the 
‘modifications have been made. 


Study aids for this chapter are available at 
http://www. prenhall.com/floyd 


In Chapter 2, you studied the concepts of voltage, current, 
and resistance. You also were introduced to a basic electric 
circuit. In this chapter, you will learn how voltage, current, 
and resistance are interrelated. You will also learn how to 
analyze a simple electric circuit. 

Ohin’s law is perhaps the single most important tool for 
the analysis of electric circuits, and you must know how to 
apply it. 

In 1826 Georg Simon Ohm found that current, voltage, 
and resistance are related in a specific and predictable way. 
Ohm expressed this relationship with a formula that is 
known today as Ohm’s law. In this chapter, you will learn 
Ohim’s law and how to use it in solving circuit problems. A 
general approach to troubleshooting using an analysis, plan- 
ning, and measurement (APM) approach is also introduced. 
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3-1 THe RELATIONSHIP OF CURRENT, VOLTAGE, AND RESISTANCE 


Ohm’s law describes mathematically how voltage, current, and resistance in a circuit 
are related. Ohm’s law is expressed in three equivalent forms depending on which 
quantity you need to determine. As you will learn, current and voltage are linearly 
proportional. However, current and resistance are inversely proportional. 


After completing this section, you should be able to 
¢ Explain Ohm’s law 
* Describe how V, J, and R are related 
+ Express / as a function of V and R 


¢ Express V as a function of J and R 


Ohm determined experimentally that if the voltage across a resistor is increased, the 
current through the resistor will also increase; and, likewise, if the voltage is decreased, 
the current will decrease. For example, if the voltage is doubled, the current will double. 
If the voltage is halved, the current will also be halved. This relationship is illustrated in 
Figure 3-1, with relative meter indications of voltage and current. 


(a) Less V, less I (b) More V, more 7 


Ohm also determined that if the voltage is kept constant, less resistance results in 
more current, and, also, more resistance results in less current. For example, if the resis- 
tance is halved, the current doubles. If the resistance is doubled, the current is halved. 
This concept is illustrated by the meter indications in Figure 3-2, where the resistance is 
increased and the voltage is held constant. 


(a) Less R, more I (b) More R, less 7 


» FIGURE 3-1 


Effect on the current of changing 


the voltage with the resistance at a 
constant value. 


«i FIGURE 3-2 


Effect on the current of changing 


the resistance with the voltage at a 
constant value. 
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Ohim’s law states that current is directly proportional to voltage and inversely propor- 
tional to resistance. The circuits in Figures 3-1 and 3-2 illustrate Ohm’s law, which is 
given in the following formula: 


Ls 


Equation 3-1 [= 
qua R 


where: / = current in amperes (A) 
V = voltage in volts (V) 
R = resistance in ohms (Q) 


For a constant value of R, if the value of V is increased, the value of J increases; if V is de- 
creased, J decreases. If V is constant and R is increased, J decreases. Similarly, if V is con- 
stant and R is decreased, J increases. 

Using Equation 3-1, you can calculate the current if you know the values of voltage and re- 
sistance. By manipulating Equation 3—1, you can obtain expressions for voltage and resistance. 


Equation 3-2 V=IR 
Equation 3--3 R= 
With Equation 3—2, you can calculate voltage if you know the values of current and resistance. 
With Equation 3-3, you can calculate resistance if you know the values of voltage and current. 


The three expressions—Equations 3-1, 3—2 and 3—3—are all equivalent. They are sim- 
ply three ways of using Ohm’s law. 


The Linear Relationship of Current and Voltage 


In resistive circuits, current and voltage are linearly proportional. Linear means that if one 
of the quantities is increased or decreased by a certain percentage, the other will increase 
or decrease by the same percentage, assuming that the resistance is constant in value. For 
example, if the voltage across a resistor is tripled, the current will triple. 


that if the voltage in the circuit of Figure 3-3 is increased to three times its pres- 
current will triple in value. 


aera? 


Vv 10V 
ee om 
, increased to 30 V, the current will be 


VV 30V 


l=-= 


Ro 47kO 
t from 2.13 mA to 6.38 mA when the voltage was tripled to 30 V. 


= 6.38mA 
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uadrupled, will the current also quadruple? 


ia 


Let’s take a constant value of resistance, for example, 10 0, and calculate the current 
for several values of voltage ranging from 10 V to 100 V in the circuit in Figure 3—4(a). 
The current values obtained are shown in Figure 3—4(b). The graph of the J values versus 
the V values is shown in Figure 3—4(c). Note that it is a straight line graph. This graph tells 
us that a change in voltage results in a linearly proportional change in current. No matter 
what value R is, assuming that R is constant, the graph of J versus V will always be a 
straight line. 


T(A) 
V i 10 
10V | 1A 9 
20V | 2A 8 
30V | 3A 
40V | 4A z/ 
SOV | 5A 6 
60V | 6A 
7ov | 7A 5 
80V | 8A 4 ; 
90V | 9A 3 se 
100V | 10A i 
2 =—— 
1 a 
(je V(V) 
100 10 20 30 40 50 60 70 80 90 100 
(a) (b) (c) 


& FIGURE 3-4 
Graph of current versus voltage for the circuit in part (a). 


1€ Current in a circuit that is operating with 25 V. The 
notice that the current has dropped to 40 mA. As- 
ot change, you must conclude that the voltage source 


is 1. Taking 20% of 25 V, you get 
12 ge in voltage = (0.2)(25 V) = SV 
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The Inverse Relationship of Current and Resistance 


As you have seen, current varies inversely with resistance as expressed by Ohm’s law, 
I = V/R. When the resistance is reduced, the current goes up; when the resistance is 
increased, the current goes down. For example, if the source voltage is held constant and 
the resistance is halved, the current doubles in value; when the resistance is doubled, the 
current is reduced by half. 

Let’s take a constant value of voltage, for example, 10 V, and calculate the current for 
several values of resistance ranging from 10 © to 100 in the circuit in Figure 3—5(a). The 
values obtained are shown in Figure 3—5(b). The graph of the J values versus the R values 
is shown in Figure 3-5 (c). 


0 -——. —— R(O) 
0 10 20 30 40 50 60 70 80 90 100 


(b) (c) 


FIGURE 3-5 
Graph of current versus resistance for the circuit in part (a). 


or is cut in half, how much will the current change? 


1 resistor, and you measure a current of 1 A. If you 
has twice the resistance value, how much current 


id and the resistance is cut in half. Would the current 
how much? 


mA. If V is changed to 1 V, what will ! equal? 
what will it be if the voltage is doubled? 
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3—2 CALCULATING CURRENT 
Examples in this section illustrate the Ohm’s law formula J = V/R, 


After completing this section, you should be able to 


e Calculate current in a circuit 


The following examples use the formula J = V/R. In order to get current in amperes, 
you must express the value of voltage in volts and the value of resistance in ohms. 


tare in the circuit of Figure 3-6? 


to verify the calculated results in this example and your cal- 


A 
|} 


em. 


e 3-6 is changed to 47 2, and the voltage to 50 V, what is the 


hat is the current? 


Units with Metric Prefixes 


In electronics, resistance values of thousands of ohms or even millions of ohms are com- 
mon. The metric prefixes kilo (k) and mega (M) are used to indicate large values. Thus, 
thousands of ohms are expressed in kilohms (kQ), and millions of ohms are expressed in 
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megohms (MQ). The following four examples illustrate how to use kilohms and megohms 
to calculate current. Volts (V) divided by kilohms (kQ) results in milliamperes (mA) Volts 
(V) divided by megohms (MQ) results in microamperes (tA). 


.0kQ is the same as 1 X 10°. Use the formula J = V/R and substi- 
(1 X 10°Q for R. 


Vv 50V 50V = 
P= — = ——— = ——__ _= 50 x 107A = 50mA 
R tokQ 1x10?70 


current in Figure 3-7 if R is changed to 10 kQ. 


In Example 3-5, 50 X 10-7 A is expressed as 50 milliamperes (50 mA). This can be 
used to advantage when you divide volts by kilohms. The current will be in milliamperes. 
as Example 3—6 illustrates. 


Iperes are in the circuit of Figure 3-8? 


If you apply volts when resistance values are in megohms, the current is in microam- 
peres (A), as Examples 3—5 and 3-6 show. 
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EXAMPLE 3-7 Determine the amount of current in the circuit of Figure 3-9. 


FIGURE 3-9 


Solution Recall that 4.7 MO equals 4.7 X 10°Q. Substitute 25 V for Vand 4.7 x 10° for R. 


ae 25V 25 
R 47MQ 47x 10°O 


Related Problem What is the current if V is increased to 100 V in Figure 3-6? 


= 532 X 10° A = 5.32p¢A 


EXAMPLE 3-8 Change the value of R in Figure 3-9 to 1.8 MQ. What is the new value of current? 


Solution When you divide volts by megohms, you get current in microamperes. 
Vv 25V 
=—= = 13.9 pA 
mie -* 


Related Problem If R is doubled in the circuit of Figure 3-6, what is the new value of current? 


Small voltages, usually less than 50 V are common in semiconductor circuits. Occasion- 
ally, however, large voltages are encountered. For example, the high-voltage supply in some 
television receivers is around 20,000 V (20 kilovolts, or 20 kV), and transmission voltages 
generated by the power companies may be as high as 345,000 V (345 kV). The following two 
examples illustrate how to use voltage values in the kilovolt range to calculate current. 


EXAMPLE 3-9 How much current is produced by a voltage of 24 kV across a 12 kO, resistor? 


Solution Since kilovolts are divided by kilohms, the prefixes cancel; therefore, the current is in 
amperes. 
_V_ WMV 4x 107V _ 
RR 12kO 12x 10°70 


Related Problem What is the current in mA produced by 1 kV across a 27 k© resistor? 


EXAMPLE 3-10 How much current is there through a 100 MOC resistor when 50 kV are applied? 


Solution In this case, divide 50 kV by 100 MO to get the current. Substitute 50 x 10° V for 
50 kV and 100 x 10° for 100 MQ. 


V_ SOkV 50 X 10° V 
R 100MQ 100 x 10° 


= 0.5 X 10°A = 0.5mA 
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Remember that the power of ten in the denominator is subtracted from the power of 
ten in the numerator. So 50 was divided by 100, giving 0.5, and 6 was subtracted from 
3, giving 10°. 


Related Problem How much current is there through a 6.8 M© resistor when 10 kV are applied? 


S it, how much current is there? 
a 2.2 MO resistor produce? 


3—3 CALCULATING VOLTAGE 
Examples in this section illustrate the Ohm’s law expression V = IR. 
After completing this section, you should be able to 
¢ Calculate voltage in a circuit 
* Use Ohm’s law to find voltage when you know current and resistance values 


¢ Use current and resistance values expressed with metric prefixes 


The following examples use the formula V = /R. To obtain voltage in volts, you must 
express the value of J in amperes and the value of R in ohms. 


EXAMPLE 3-11 In the circuit of Figure 3-10, how much voltage is needed to produce 5 A of current? 
FIGURE 3-10 


Solution Substitute 5 A for J and 100 © for R into the formula V = IR. 
V = IR = (5 A)(100Q) = 500 V 
Thus, 500 V are required to produce 5 A of current through a 100 2 resistor. 


Related Problem {nm Figure 3-10, how much voltage is required to produce 12 A of current? 
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Units with Metric Prefixes 


The following two examples illustrate how to use current values in the milliampere (mA) 
and microampere (j1A) ranges to calculate voltage. 


EXAMPLE 3-12 How much voltage will be measured across the resistor in Figure 3-11? 


FIGURE 3-11 


Solution Five milliamperes equals 5 x 10°? A. Substitute the values for J and R into the formula 
V = IR. 


V = IR = (5mA)(56Q) = (5 X 10-2 A)(56Q) = 280 X 10 °V = 280mV 
When you multiply milliamperes by ohms, you get millivolts. 


Related Problem How much voltage is measured across R if R = 33 © and J = 1.5 mA in Figure 3-11? 


Use Multisim file E03-12 to verify the calculated results in this example and to con- 
“2 firm your calculation for the related problem. 


EXAMPLE 3-13 Suppose that there is a current of 8 wA through a 10 (2) resistor. How much voltage is 
across the resistor? 


Solution Eight microamperes equals 8 X 10° A. Substitute the values for J and R into the for- 
mula V = IR. 


V = IR = (8A)(10Q) = (8 X 10 © A102) = 80 X 10 °V = 80nV 
When you multiply microamperes by ohms, you get microvolts. 


Related Problem If there are 3.2 A through a 47 © resistor, what is the voltage across the resistor? 


The following two examples ilJustrate how to use resistance values in the kilohm (kQ)) 
and megohm (MQ) ranges to calculate voltage. 


EXAMPLE 3-14 The circuit in Figure 3-12 has a current of 10 mA. What is the voltage? 


FIGURE 3-12 
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Solution ‘Ten milliamperes equals 10 X 10~? A and 3.3 kO equals 3.3 X 10° 2. Substitute 
these values into the formula V = JR. 


V = IR = (10mA)3.3kQ) = (10 X 10-7 A)3.3 X 10°2) = 33V 


Notice that 10~? and 10? cancel. Therefore, milliamperes cancel kilohms when multi- 
plied, and the result is volts. 


Related Problem If the current in Figure 3-12 is 25 mA, what is the voltage? 


Use Muitisim file E03-14 to verify the calculated results in this example and to con- 
firm your calculation for the related problem. 


EXAMPLE 3-15 If there is a current of 50 A through a 4.7 MO resistor, what is the voltage? 


Solution Fifty microamperes equals 50 10° A and 4.7 MQ is 4.7 10°. Substitute these 
values into the formula V = JR. 


V = IR = (50pA)(4.7 MQ) = (50 X 10 © AY(4.7 X 10°) = 235V 


Notice that 10° and 10° cancel. Therefore, microamperes cancel megohms when mul- 
tiplied, and the result is volts. 


Related Problem If there are 450 A through a 3.9 MOC resistor, what is the voltage? 


produce 100 mA through a 4.7 k© resistor? 
to ause 3 mA of current in a 3.3 kO resistor? 
16.8 © resistive load. What is the battery voltage? 


3—4 CALCULATING RESISTANCE 


Examples in this section illustrate the Ohm’s law expression R = V/I 


After completing this section, you should be able to 
* Calculate resistance in a circuit 
« Use Ohm’s law to find resistance when you know voltage and current values 


¢ Use current and voltage values expressed with metric prefixes 


CALCULATING RESISTANCE @ 83 


The following examples use the formula R = V/I. To get resistance in ohms, you must 
express the value of J in amperes and the value of V in volts. 


EXAMPLE 3-16 In the circuit of Figure 3-13, how much resistance is needed to draw 3.08 A of current 
from the battery? 


FIGURE 3-13 


Related Problem In Figure 3-13, to what value must R be changed for a current of 5.45 A? 


Units with Metric Prefixes 


The following two examples illustrate how to use current values in the milliampere (mA) 
and microampere (tA) ranges to calculate resistance. 


EXAMPLE 3-17 Suppose that the ammeter in Figure 3-14 indicates 4.55 mA of current and the volt- 
meter reads 150 V. What is the value of R? 


FIGURE 3-14 


Solution 4.55 mA equals 4.55 X 10 ° A. Substitute the voltage and current values into the for- 
mula R = V/I. 


V150V 150V 
R= = = —— = —  — = 33 x 10°92 = 33k 
I 455mA 455X10°A 


When volts are divided by milliamperes, the resistance is in kilohms. 


Related Problem 


é Use Multisim file E03-17 to verify the calculated results in this example and to con- 
« firm your calculation for the related problem. 


If the ammeter indicates 1.10 mA and the voltmeter reads 75 V, what is the value of R? 
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EXAMPLE 3-18 Suppose that the value of the resistor in Figure 3—14 is changed. If the battery voltage 
is still 150 V and the ammeter reads 68.2 .A, what is the new resistor value? 


Solution 68.2 wA equals 68.2 x 10 © A. Substitute V and / values into the equation for R. 


VaIs0v | 150 V 
I 68.2pA 682 106A 


R= = 2.2 x 10° = 2.2MQ 


When volts are divided by microamperes, the resistance has units of megohms. 


Related Problem _ If the resistor is changed in Figure 3-14 so that the ammeter reads 48.5 A, what is 
the new resistor value? Assume V = 150 V. 


5 Vand J = 2,27 pA. 
have a resistor across which you measure 25 V, and your ammeter indicates 
of current. What is the resistor’s value in kilohms? In ohms? 


3-5 INTRODUCTION TO TROUBLESHOOTING 


Technicians must be able to diagnose and repair malfunctioning circuits and systems. 
In this section, you learn a general approach to troubleshooting using a simple exam- 
ple. Troubleshooting coverage is an important part of this textbook, so you will find a 
troubleshooting section in many of the chapters and troubleshooting problems, includ- 
ing Multisim circuits, for skill building. 


After completing this section, you should be able to 


¢ Describe a basic approach to troubleshooting 


¢ List three steps in troubleshooting 
¢ Explain what is meant by half-splitting 


¢ Discuss and compare the three basic measurements of voltage, current, and 
resistance 


Troubleshooting is the application of logical thinking combined with a thorough 
knowledge of circuit or system operation to correct a malfunction. The basic approach to 
troubleshooting consists of three steps: analysis, planning, and measuring. We will refer to 
this 3-step approach as APM. 
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Analysis 


The first step in troubleshooting a circuit is to analyze clues or symptoms of the failure. The 
analysis can begin by determining the answer to certain questions: 


1. Has the circuit ever worked? 

2. If the circuit once worked, under what conditions did it fail? 
3. What are the symptoms of the tailure? 
4 


. What are the possible causes of failure? 


Planning 


The second step in the troubleshooting process, after analyzing the clues, is formulating a 
logical plan of attack. Much time can be saved by proper planning. A working knowledge 
of the circuit is a prerequisite to a plan for troubleshooting. If you are not certain how the 
circuit is supposed to operate, take time to review circuit diagrams (schematics), operating 
instructions, and other pertinent information. A schematic with proper voltages marked at 
various test points is particularly useful. Although logical thinking is perhaps the most im- 
portant tool in troubleshooting, it rarely can solve the problem by itself. 


Measuring 


The third step is to narrow the possible failures by making carefully thought out measure- 
ments. These measurements usually confirm the direction you are taking in solving the 
problem, or they may point to a new direction that you should take. Occasionally, you may 
find a totally unexpected result. 


An APM Example 


The thought process that is part of the APM approach can be illustrated with a simple ex- 
ample. Suppose you have a string of 8 decorative 12 V bulbs connected in series to a 120 V 
source Vs, as shown in Figure 3-15. Assume that this circuit worked properly at one time 
but stopped working after it was moved to a new location. When plugged in at the new lo- 
cation, the lamps fail to turn on. How do you go about finding the trouble? 


0090000 


A FIGURE 3-15 
A string of bulbs connected to a voltage source. 


The Analysis Thought Process You may think like this as you proceed to analyze the 
situation: 


¢ Since the circuit worked before it was moved, the problem could be that there is no 
voltage at the new location. 


¢ Perhaps the wiring was loose and pulled apart when moved. 


¢ It is possible that a bulb is bumed out or loose in its socket. 
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A good resistance reading indicates 
this part of the circuit is OK. 


The voltage is 
disconnected. 


With this reasoning, you have considered possible causes and failures that may have oc- 
curred. The thought process continues: 


¢ The fact that the circuit once worked eliminates the possibility that the original cir- 
cuit was improperly wired. 


e If the fault is due to an open path, it is unlikely that there is more than one break 
which could be either a bad connection or a burned out bulb. 


You have now analyzed the problem and are ready to plan the process of finding the fault 
in the circuit. 


The Planning Thought Process The first part of your plan is to measure for voltage at 
the new location. If the voltage is present, then the problem is in the string of lights. If volt- 
age is not present, check the circuit breaker at the distribution box in the house. Before re- 
setting breakers, you should think about why a breaker may be tripped. Let’s assume that 
you find the voltage is present. This means that the problem is in the string of lights. 

The second part of your plan is to measure either the resistance in the string of lights or 
to measure voltages across the bulbs. The decision whether to measure resistance or volt- 
age is a toss-up and can be made based on the ease of making the test. Seldom is a trou- 
bleshooting plan developed so completely that all possible contingencies are included. You 
will frequently need to modify the plan as you go along. 


The Measurement Process You proceed with the first part of your plan by using a mul- 
timeter to check the voltage at the new location. Assume the measurement shows a voltage 
of 120 V. Now you have eliminated the possibility of no voltage. You know that, since you 
have voltage across the string and there is no current because no bulb is on, there must be 
an open in the current path. Either a bulb is burned out, a connection at the lamp socket is 
broken, or the wire is broken. 

Next, you decide to locate the break by measuring resistance with your multimeter. 
Applying logical thinking, you decide to measure the resistance of each half of the string 
instead of measuring the resistance of each bulb. By measuring the resistance of half the 
bulbs at once, you can usually reduce the effort required to find the open. This technique is 
a type of troubleshooting procedure called half-splitting. 

Once you have identified the half in which the open occurs, as indicated by an infinite 
resistance, you use half-splitting again on the faulty half and continue until you narrow the 
fault down to a faulty bulb or connection. This process is shown in Figure 3-16, assuming 
for purposes of illustration that the seventh bulb is burned out. 


An infinite resistance reading indicates 
Step 1 Step 2 this part of the circuit is open. 


Step 5 

One additional measurement 
will find which of these two 
bulbs is open. 


A good resistance 
reading indicates this An infinite resistance reading 
part of the circuit is OK. indicates this part of the circuit 


| is open. 


A FIGURE 3-16 


Illustration of the half-splitting method of troubleshooting. The numbered steps indicate the se- 
quence in which the multimeter is moved from one position to another. 


As you can see in the figure, the half-splitting approach in this particular case takes a 
maximum of five measurements to identify the open bulb. If you had decided to measure 
each bulb individually and had started at the left, you would have needed seven measure- 
ments. Sometimes half-splitting saves steps; sometimes it doesn’t. The number of steps re- 
quired depends on where you make your measurements and in what sequence. 

Unfortunately, most troubleshooting is more difficult than this example. However, 
analysis and planning are essential for effective troubleshooting in any situation. As meas- 
urements are made, the plan is often modified; the experienced troubleshooter narrows the 
search by fitting the symptoms and measurements into a probable cause. In some cases, 
low-cost equipment is simply discarded when troubleshooting and repair costs are compa- 
rable to replacement costs. 


Comparison of V, R, and | Measurements 


As you know from Section 2—7, you can measure voltage, current, or resistance in a circuit. 
To measure voltage, place the voltmeter in parallel across the component; that is, place one 
lead on each side of the component. This makes voltage measurements the easiest of the 
three types of measurements. 

To measure resistance, connect the ohmmeter across a component; however, the volt- 
age must be first disconnected, and sometimes the component itself must be removed 
from the circuit. Therefore, resistance measurements are generally more difficult than 
voltage measurements. 

To measure current, place the ammeter in series with the component; that is, the amme- 
ter must be in line with the current path. To do this you must disconnect a component lead 
or a wire before you connect the ammeter. This usually makes a current measurement the 
most difficult to perform. 
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iteps in the APM approach to troubleshooting. 


- idea of the half-splitting technique. 


s easier to measure than currents in a circuit? 


A Circuit Application 


In this application, an existing resist- { 5. The maximum voltage across any resistor in the box will 
ance box that is to be used as part ofa: be 4 V. 
test setup in ie lab is to be etecked : 6, Two additional resistors are required, one to limit the current 
out and modified. Your task is to mod- : to 10mA + 10% and the other to limit the current to 

ify the circuit so that it will meet the requirements of the new : 5mA + 10% with a4 V drop. 


application. You will have to apply your knowledge of Ohm’s i 


law in order to complete this assignment. The Existing Resistor Circuit 


The specifications are as follows: 


|. Each resistor is switch selectable and only one resistor is 
selected at a time. ; 


2. The lowest resistor value is to be 10 2. H The Schematic 


3. Each successively higher resistance in the switch sequence 
must be a decade (10 times) increase over the previous one. 


H The existing resistance box is shown in both top and bottom 
! views in Figure 3-17. The switch is a rotary type. 


: ® From Figure 3-17, determine the resistor values and draw the 
schematic for the existing circuit. Determine the resistor 


4. The maximum resistor value must be 1.0 M2. : numbering from the R labels on the top view. 
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» FIGURE 3-17 


(a) Top view (b) Bottom view 
The Schematic for the New Requirements : A Test Procedure 
@ Draw the schematic for a circuit that will accomplish the @ After the resistance box has been modified to meet the new 
following: H specifications, it must be tested to see if it is working prop- 


erly. Determine how you would test the resistance box and 
what instruments you would use. Then detail your test proce- 
dure in a step-by-step format. 


1. One resistor at a time is to be connected by the switch 
between terminals | and 2 of the box. 


2. Provide switch-selectable resistor values beginning with 


10 Q and increasing in decade increments to 1.0 MQ. Troubleshooting the Circuit 
3. Each of the resistors must be selectable by a sequence of @ Anohmmeter is connected across terminals 1 and 2 of the re- 
adjacent switch positions in ascending order. sistance box. Determine the most likely fault in each of the 
4. There must be two switch-selectable resistors, one isin following cases: 
switch position 1 (shown in Figure 3-17, bottom view) i 1. The ohmmeter shows an infinitely high resistance when 
and must limit the current to L|OmA + 10% witha4V} the switch is in position 3. 
drop and the other is in switch position 8 and must limit: 2. The ohmmeter shows an infinitely high resistance in all 
the current to5mA + 10% with a 4 V drop. switch positions. 
5. All the resistors must be standard values with 10% toler- | 3. The ohmmeter shows an incorrect value of resistance 
ance. See Appendix A for standard resistor values. H when the switch is in position 6. 


® Determine the modifications that must be made to the exist- 
ing circuit board to meet the specifications and develop a de- 
tailed list of the changes including resistance values, wiring, 
and new components. You should number each point in the : 2. Determine the current through each resistor when 4 V is 
schematic for easy reference. i applied across it. 


; Review 


1. Explain how you applied Ohm’s law to this application. 


Voltage and current are linearly proportional. 

Ohm’s law gives the relationship of voltage, current, and resistance. 
Current is inversely proportional to resistance. 

A kilohm (kQ)) is one thousand ohms. 

A megohm (MQ) is one million ohms. 


A microampere (4A) is one-millionth of an ampere. 


\ 


A milliampere (mA) is one-thousandth of an ampere 
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Use I = V/R to calculate current. 

Use V = IR to calculate voltage. 

Use R = V/I to calculate resistance. 

APM is a 3-step troubleshooting approach, consisting of analysis, planning, and measuring. 


Half-splitting is a troubleshooting technique that can be used to reduce the number of measure- 
ments required to find a problem. 


Key terms and other bold terms in the chapter are defined in the end-of-book glossary. 


Linear Characterized by a straight-line relationship. 


Ohm’s law A law stating that current is directly proportional to voltage and inversely proportional 
to resistance. 


Troubleshooting A systematic process of isolating, identifying, and correcting a fault in a circuit 
or system. 


3-1 [= r Form of Ohm’s law for calculating current 
3-2 V = IR Form of Ohm’s law for calculating voltage 

V 
3-3 R= T Form of Ohm’s law for calculating resistance 


Answers are at the end of the chapter. 


1. 


10. 


Ohm’s law states that 

(a) current equals voltage times resistance 

(b) voltage equals current times resistance 

(c) resistance equals current divided by voltage 


(d) voltage equals current squared times resistance 


. When the voltage across a resistor is doubled, the current will 


(a) triple (b) halve (c) double (d) not change 

When 10 V are applied across a 20 ©, resistor, the current is 

(a) 10A (b) OSA (c) 200A (d) 2A 

When there are 10 mA of current through 1.0 k© resistor, the voltage across the resistor is 
(a) 100V. ss (b) O.1V =) 10kKV.—s (dd): 10V 


. If 20 V are applied across a resistor and there are 6.06 mA of current, the resistance is 


(a) 3.3 kO (b) 33 kO (c) 330 kO (d) 3.03 kO 
A current of 250 A through a 4.7 kO resistor produces a voltage drop of 
(a) 53.2V (b) 1.18 mV (c) 18.8 V (d) 1.18V 


. Aresistance of 2.2 MQ is connected across a | kV source. The resulting current is approximately 


(a) 2.2mA (b) 0.455 mA (c) 45.5 uA (d) 0.455A 
How much resistance is required to limit the current from a 10 V battery to 1 mA? 
(a) 1000 =(b) 10kD =) 10D ~— (ad) «10K 


. An electric heater draws 2.5 A from a 110 V source. The resistance of the heating element is 


(a) 2750 (b) 22.7 mQ (ce) 44.0 (d) 4400 


The current through a flashlight bulb is 20 mA and the total battery voltage is 4.5 V. The resist- 
ance of the bulb is 


(a) 900 (b) 2250 (c) 4.440 (d) 450 
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1. If the current through a fixed resistor goes from 10 mA to 12 mA, the voltage across the resistor 
(a) increases (b) decreases (c) stays the same 

2. If the voltage across a fixed resistor goes from 10 V to 7 V, the current through the resistor 
(a) increases (b) decreases (c) stays the same 

3. A variable resistor has 5 V across it. If you reduce the resistance, the current through it 
(a) increases (b) decreases (c) stays the same 


4. If the voltage across a resistor increases from 5 V to 10 V and the current increases from 1 mA 
to 2 mA, the resistance 


(a) increases (b) decreases (c) stays the same 


Refer to Figure 3-14. 

5. If the voltmeter reading changes to 175 V, the ammeter reading 
(a) increases (b) decreases (c) stays the same 

6. If R is changed to a larger value and the voltmeter reading stays at 150 V, the current 
(a) increases (b) decreases (c) stays the same 

7. If the resistor is removed from the circuit leaving an open, the ammeter reading 
(a) increases (b) decreases (c) stays the same 

8. If the resistor is removed from the circuit leaving an open, the voltmeter reading 
(a) increases (b) decreases (c) stays the same 


Refer to Figure 3-21. 
9. If the rheostat is adjusted to increase the resistance, the current through the heating element 

(a) increases (b) decreases (c) stays the same 

10. If the rheostat is adjusted to increase the resistance, the source voltage 
(a) increases (b) decreases (c) stays the same 

11. If the fuse opens, the voltage across the heating element 
(a) increases (b) decreases (c) stays the same 

12. If the source voltage increases, the voltage across the heating element 
(a) increases (b) decreases (c) stays the same 

13. If the fuse is changed to one with a higher rating, the current through the rheostat 


(a) increases (b) decreases (c) stays the same 


Refer to Figure 3-23. 
14. If the lamp burns out (opens), the current 

(a) increases (b) decreases (c) stays the same 
15. If the lamp burns out, the voltage across it 


(a) increases (b) decreases (c) stays the same 


_ More difficult problems are indicated by an astrisk (*). 
__ Answers to odd-numbered problems are at the end of the book. 


SECTION 3-1 The Relationship of Current, Voltage, and Resistance 


1. Ina circuit consisting of a voltage source and a resistor, describe what happens to the current 
when 


(a) the voltage is tripled 
(b) the voltage is reduced by 75% 
(c) the resistance is doubled 


bm FIGURE 3-20 


ProBLems @ 91 


(d) the resistance is reduced by 35% 

(e) the voltage is doubled and the resistance is cut in half 

(f) the voltage is doubled and the resistance is doubled 
2. State the formula used to find / when the values of V and R are known. 
3. State the formula used to find V when the values of J and R are known. 
4. State the formula used to find R when the values of V and J are known. 


5. A variable voltage source is connected to the circuit of Figure 3-18. Start at 0 V and increase 
the voltage in 10 V steps up to 100 V. Determine the current at each voltage point and plot a 
graph of V versus /. Is the graph a straight line? What does the graph indicate? 


» FIGURE 3-18 
we 


Variable V 1000 


6. Ina certain circuit, 7 = 5 mA when V = 1 V. Determine the current for each of the following 
voltages in the same circuit: 


(a) V=15V (b) V=2V (c) V=3V 
(d) V=4V (ec) V=10V 


7. Figure 3-19 is a graph of current versus voltage for three resistance values. Determine R), R2, 
and R3. 


® FIGURE 3-19 1(A) 


8. Plot the current-voltage relationship for a four-band resistor with the color code gray, red, red, 
gold. 


9. Plot the current-voltage relationship for a five-band resistor with the color code brown, green, 
gray, brown, red. 


10. Which circuit in Figure 3-20 has the most current? The least current? 


(b) 
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SECTION 3-2 


SECTION 3-3 


2 IE 


*12. 


13. 


14. 


You are measuring the current in a circuit that is operated on a 10 V battery. The ammeter reads 
50 mA. Later, you notice that the current has dropped to 30 mA. Eliminating the possibility of 
a resistance change, you must conclude that the voltage has changed. How much has the volt- 
age of the battery changed, and what is its new value? 


If you wish to increase the amount of current in a resistor from 100 mA to 150 mA by chang- 
ing the 20 V source, by how many volts should you change the source? To what new value 
should you set it? 


Plot a graph of current versus voltage for voltage values ranging from 10 V to 100 V in 10 V 
steps for each of the following resistance values: 


(a) 1.00 (b) 5.00 (ec) 200 (d) 1000 
Does the graph in Problem 13 indicate a linear relationship between voltage and current? Explain. 


Calculating Current 


15. 


16. 


17. 


18. 


19. 


20. 


21. 
*22. 


Determine the current in each case: 

(a) V=S5V,R= 100 (b) V= ISV,R = 100 

(c) V= 50V,R = 1000 (d) V = 30V,R = 15k0 

(e) V = 250V,R = 5.6MD 

Determine the current in each case: 

(a) V=9V,R = 2.7kKO. (b) V=5.5V,R = 10k0 

(c) V = 40 V,R = 68k0 (d) V = LKV,R = 2.2k0 

(e) V = 66kV,R = 10M. 

A 10 Q resistor is connected across a 12 V battery. What is the current through the resistor? 


A certain resistor has the following color code: orange, orange, red, gold. Determine the maxi- 
mum and minimum currents you should expect to measure when a 12 V source is connected 
across the resistor. 


A 4-band resistor is connected across the terminals of a 25 V source. Determine the current in 
the resistor if the color code is yellow, violet, orange, silver. 


A 5-band resistor is connected across a 12 V source. Determine the current if the color code is 
orange, violet, yellow, gold, brown. 

If the voltage in Problem 20 is doubled, will a 0.5 A fuse blow? Explain your answer. 

The potentiometer connected as a rheostat in Figure 3—21 is used to control the current to a 
heating element. When the rheostat is adjusted to a value of 8 © or less, the heating element 
can burn out. What is the rated value of the fuse needed to protect the circuit if the voltage 
across the heating element at the point of maximum current is 100 V and the voltage across the 
theostat is the difference between the heating element voltage and the source voltage? 


® FIGURE 3-21 


Fuse R 


120V Heating 
element 


Calculating Voltage 

23. Calculate the voltage for each value of / and R: 
(a) = 2A,R = 180 (b) /=5A,R = 560 
(ec) T= 25A,R = 6800 (d) f = 0.6A,R = 470 


24. 


(e) 7=0.1A,R = 5600 

Calculate the voltage for each value of J and R: 

(a) 7= 1mA,R = 100 (b) J = 5SO0mA,R = 330 
(c) [= 3A,R = 5.6k0 (a) 7 = 1.6mA,R = 2.2k0 
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(e) (= 250pA,R=10kQ = (f) [= 500mA,R = 1.5MO. 
(g) 1=850n#A,R=10MQ (hy) J = 75pA,R = 470 


25. Three amperes of current are measured through a 27 C resistor connected across a voltage 
source. How much voltage does the source produce? 


26. Assign a voltage value to each source in the circuits of Figure 3-22 to obtain the indicated 
amounts of current. 


27kQ 100 MQ 470 


(b) 


& FIGURE 3-22 


*27, A6V source is connected to a 100 € resistor by two 12 ft lengths of 18 gauge copper wire. The to- 
tal resistance is the resistance of both wires added to the 100 2 resistor. Determine the following: 


(a) Current 
(b) Resistor voltage drop 
(c) Voltage drop across each length of wire 


SECTION 3-4 Calculating Resistance 

28. Calculate the resistance of a rheostat for each value of V and J/: 
(a) V=10V,J=2A (b) V=90V,J=45A 
(ec) V=SOV,I=S5A (d) V=55V,I=10A 
(e) V= 150V,J=0.5A 

29. Calculate the resistance of a rheostat for each set of V and J values: 
(a) V= 10kV,J=5A (b) V=7V,l=2mA 
(c) V = 500 V,/ = 250mA (d) V= 50V,J = 500pnA 
(e) V=1kV,.=1mA 

30. Six volts are applied across a resistor. A current of 2 mA is measured. What is the value of the 
resistor? 


31. The filament of a lamp in the circuit of Figure 3—23(a) has a certain amount of resistance, rep- 
resented by an equivalent resistance in Figure 3—23(b). If the lamp operates with 120 V and 
0.8 A of current, what is the resistance of its filament when it is on? 


R (filament) 


(b) 


A FIGURE 3-23 


32 A certain electrical device has an unknown resistance. You have available a 12 V battery and an 
ammeter. How would you determine the value of the unknown resistance? Draw the necessary 
circuit connections. 
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33. By varying the rheostat (variable resistor) in the circuit of Figure 3-24, you can change the 
amount of current. The setting of the rheostat is such that the current is 750 mA. What is the 
resistance value of this setting? To adjust the current to 1 A, to what resistance value must you 
set the rheostat? What is the problem with this circuit? 


» FIGURE 3-24 


*34. A 120 V lamp-dimming circuit is controlled by a rheostat and protected from excessive current 
by a2 A fuse. To what minimum resistance value can the rheostat be set without blowing the 
fuse? Assume a lamp resistance of 15 ©. 


35. Repeat Problem 34 for a 110 V circuit and a 1 A fuse. 


SECTION 3-5 Introduction to Troubleshooting 


36. In the light circuit of Figure 3—25, identify the faulty bulb based on the series of ohmmeter 
readings shown. 


Infinite resistance 
reading 


Infinite resistance Step 1 
reading —s 


The voltage is 
disconnected. 


Infinite resistance 
reading 


A good resistance 
reading 


A FIGURE 3-25 


37. Assume you have a 32-light string and one of the bulbs is burned out. Using the half-splitting 
approach and starting in the left half of the circuit, how many resistance measurements will it 
take to find the faulty bulb if it is seventeenth from the left? 


Multisim Troubleshooting and Analysis 

These problems require your Multisim CD-ROM. 

38. Open file PO3-38 on your CD-ROM and determine which one of the three circuits is not work- 
ing properly. 

39. Open file P03-39 and measure the resistance values of the resistors. 


40. Open file P03-40 and determine the values of the current and voltage. 
41. Open file P03-41 and determine the value of the source voltage and the resistance. 
42. Open file P03-42 and find the problem with the circuit. 


ANSWERS ® 


SECTION REVIEWS 


SECTION 3-1 The Relationship of Current, Voltage, and Resistance 
1. Current, voltage, and resistance 
-1= VIR 
V=IR 
R=VI 
. When voltage is tripled, current increases by three times. 
. When voltage is halved, current reduces to one-half of original value. 
O.5A 
8. The current would increase by four times if the voltage doubles and the resistance is halved. 
9. 7=5mA 
10. 1=6A 
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SECTION 3-2 Calculating Current 
1. 7 = 10 V/5.60 = 1.79A 
2. I = 100 V/560 = 179mA 
3. 1 =5V/2.2kOD. = 2.27mA 
4. I = 15 V/4.7MQ, = 3.19 pA 
5. [ = 20kV/4.7 MO = 4.26mA 
6. 1 = 10kKV/2.2kQ = 455A 


SECTION 3-3 Calculating Voltage 
1. V=(1A)10Q) = 10V 


2. V = (8 A)(470 QD) = 3.76kV 

3. V = (3mA)(100 QO) = 300mV 
4. V = (25 pA)(56.0) = 1.4mV 
5. V = (2mA)(1.8 kQ) = 3.6V 

6. V = (5mA)(100 MQ) = 500kV 
7. V = (104A)(2.2MQ) = 22V 
8. V = (100 mA)(4.7kQ) = 470 V 
9. V = (3mA)3.3kQ) = 9.9V 

10. V = (2A)(6.8 0) = 13.6V 


SECTION 3-4 Calculating Resistance 
1. R= 10W2.13A = 4.70 
. R= 270V/l0A = 270 
» R= 20kV/5.13A = 3.9kO 
- R= 15 V/2.68mA = 5.6k0 
@ R= 5V/2.27 pA = 2.2M0, 
. R= 25 V/S3.2mMA = 0.47kN = 4700 
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SECTION 3-5 Introduction to Troubleshooting 
1. Analysis, planning, and measurement 
2. Half-splitting identifies the fault by successively isolating half of the remaining Circuit. 


3. Voltage is measured across a component; current is measured in series with the component 
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Onm’‘s Law 


A Circuit Application 


1. For the new resistors, R = V/L. 


2. 7=4V/100 = 400mA;/ = 4 V/100D = 40mA;/ = 4V/.0kO = 


= 4mA; 


T= 4V/10kO = 400 pA; I = 4V/100kO = 40 pA; I = 4V/1.0MO = 4pA. 


RELATED PROBLEMS FOR EXAMPLES 
3-1 Yes 

3-2 OV 

33 3.03A 
34 0.005A 
3-5 0.005A 
36 13.6mA 
37 21.3 pA 
3-8 2.66 pA 
3-9 37.0mA 
3-10 1.47mA 
3-11 1200V 
3-12 49.5mV 
3-13 0.150 mV 
3-14 82.5V 
3-15 1755V 
3-16 2.200 
3-17 68.2k0 
3-18 3.30M2 


SELF-TEST 
1. (b) 
9. (c) 


2. (c) 
10. (b) 


3. (b) 4. (d) 5. (a) 6. (d) 7. (b) 


CIRCUIT DYNAMICS QUIZ 
1. (a) 2. (b) 3. (a) 
9. (b) 10. (c) 11. (b) 


4. (c) 
12. (a) 


5. (a) 
13. (c) 


6. (b) 
14. (b) 1 


8. (d) 


7. (b) 
5. (c) 


8. (c) 


Energy and Power In the application you will see how the theory learned in 
Power in an Electric Circuit this chapter is applicable to the resistance box introduced 
in the last chapter. Suppose that the resistance box is to 
be used in testing a circuit in which there will be a maxi- 
mum of 4 V across all the resistors. You will evaluate the 


Resistor Power Ratings 
Energy Conversion and Voltage Drop in Resistance 


Page Supls / power rating of each resistor and, if it is not sufficient, to 
A Circuit Application replace the resistor with one that has an adequate power 
rating. 
CHAPTER OBJECTIVES = \ 
Define energy and power ISIT THE COMPANION WEBSITE } 
® Calculate power in a circuit Study aids for this chapter are available at + 
Properly select resistors based on power consideration http://www. prenhall.com/floyd | 
- 


Explain energy conversion and voltage drop 


Discuss power supplies and their characteristics , 
From Chapter 3, you know the relationship of current, volt- > 


—— me age, and resistance as stated by Ohm’s law. The existence of -4 
—— these three quantities in an electric circuit results in the Ad 
fourth basic quantity known as power. A specific relationship 7 
exists between power and /, V, and R. a 
Joule (J) Energy is the ability to do work, and power is the rate at _ 
Watt (W) which energy is used. Current carries electrical energy ° 
through a circuit. As the free electrons pass through the 
Kilowatt-hour resistance of the circuit, they give up their energy when they 
Voltage drop collide with atoms in the resistive material. The electrical 
Power supply energy given up by the electrons is converted into heat wily 


energy. The rate at which the electrical energy is used is the 


4 Ampere-hour rating power in the circuit. 


Efficiency 
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4—1 ENERGY AND POWER 


Equation 4-1 


Be hae 


that made it practical for industrial 
use. Watt patented several 
inventions, including the rotary 
engine. The unit of power is 
named in his honor. (Photo credit: 
Library of Congress.) 


When there is current through a resistance, electrical energy is converted to heat 
or other form of energy, such as light. A common example of this is a light bulb 
that becomes too hot to touch. The current through the filament that produces 
light also produces unwanted heat because the filament has resistance. Electrical 
components must be able to dissipate a certain amount of energy in a given period 
of time. 


After completing this section, you should be able to 
¢ Define energy and power 
¢ Express power in terms of energy 


* State the unit of power 


Energy is the ability to do work, and power is the rate at which energy is used. 


Power (P) is a certain amount of energy (W) used in a certain length of time (4), expressed 
as follows: 


¥ 
t 


where: P = power in watts (W) 
W = energy in joules (J) 
t = time in seconds (s) 


Note that an italic W is used to represent energy in the form of work and a nonitalic W is 
used for watts, the unit of power. The joule (J) is the SI unit of energy. 

Energy in joules divided by time in seconds gives power in watts. For example, if 50 J 
of energy are used in 2 s, the power is 50 J/2 s = 25 W. By definition, 


One watt (W) is the amount of power when one joule of energy is used in one 
second. 


Thus, the number of joules used in one second is always equal to the number of watts. For 
example, if 75 J are used in 1 s, the power is P = W/t = 75J/ls = 75 W. 

Amounts of power much less than one watt are common in certain areas of electronics. 
As with small current and voltage values, metric prefixes are used to designate small 
amounts of power. Thus, milliwatts (mW), microwatts (uW), and even picowatts (pW) are 
commonly found in some applications. 

In the electrical utilities field, kilowatts (kW) and megawatts (MW) are common units. 
Radio and television stations also use large amounts of power to transmit signals. Electric 
motors are commonly rated in horsepower (hp) where 1 hp = 746 W. 

Since power is the rate at which energy is used, as expressed in Equation 4—1, power uti- 
lized over a period of time represents energy consumption. If you multiply power in watts 
and time in seconds, you have energy in joules, symbolized by W. 


W = Pt 
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EXAMPLE 4-1 An amount of energy equal to 100 J is used in 5 s. What is the power im watts? 


energy W _ 1003 
time t 5s 


Solution = 20 W 


Related Problem If 100 W of power occurs for 30 s, how much energy, in joules, is used? 


* Answers are at the end of the chapter. 


EXAMPLE 4-2 Express the following values of electrical power using appropriate metric prefixes: 
(a) 0.045 W (b) 0.000012 W (c) 3500 W (d) 10,000,000 W 
Solution (a) 0.045 W = 45 mW (b) 0.000012 W = 12 pW 
(c) 3500 W = 3.5 kW (d) 10,000,000 W = 10 MW 
Related Problem Express the following amounts of power in watts without metric prefixes: 
(a) 1 mW (b) 1800 w.W (c) 1000 mW (d) 1 uW | 


SricGnrr hen Pen yY 


James 


The Kilowatt-hour (kWh) Unit of Energy ae 
joule 
The joule has been defined as a unit of energy. However, there is another way to express = 1818-1889 


energy. Since power is expressed in watts and time in seconds, units of energy called the 
watt-second (Ws), watt-hour (Wh), and kilowatt-hour (kWh) can be used. 

When you pay your electric bill, you are charged on the basis of the amount of energy _ Joule, a British physicist, is known 
you use, not the power. Because power companies deal in huge amounts of energy, the most _ for his research in electricity and 
practical unit is the kilowatt-hour. You use a kilowatt-hour of energy when you use one _ thermodynamics. He formulated 
thousand watts of power for one hour. For example, a 100 W light bulb burning for 10h _ the relationship that states that the 
uses 1 kWh of energy. amount of heat energy produced by 


W = Pt = (100 W)(10h) = 1000 Wh = 1kWh an electrical current in a conductor 
is proportional to the conductor’s 


resistance and the time. The unit of 
energy is named in his honor. 
(Photo credit: Library of Congress.) 


EXAMPLE 4-3 Determine the number of kilowatt-hours (kWh) for each of the following energy con- 
sumptions: 


(a) 1400 W for 1h (b) 2500 W for 2h (c) 100,000 W for 5h 
Solution (a) 1400 W = 1.4kW (b) 2500 W = 2.5kW 
W = Pt = (1.4kW)(1h) = 1.4kWh W = (25kW)(2h) = 5kWh 
(c) 100,000 W = 100kW 
W = (100kW)(5 h) = 500 kWh 


Related Problem How many kilowatt-hours are used by a 250 W bulb burning for 8 h? 
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4—2 POWER IN AN ELECTRIC CIRCUIT 


The generation of heat, which occurs when electrical energy is converted to heat en- 
ergy, in an electric circuit is often an unwanted by-product of current through the re- 
sistance in the circuit. In some cases, however, the generation of heat is the primary 
purpose of a circuit as, for example, in an electric resistive heater. In any case, you 
must frequently deal with power in electrical and electronic circuits. 


After completing this section, you should be able to 


¢ Calculate power in a circuit 


When there is current through resistance, the collisions of the electrons produce heat as 
a result of the conversion of electrical energy, as indicated in Figure 4-1. The amount of 
power dissipated in an electric circuit is dependent on the amount of resistance and on the 
amount of current, expressed as follows: 


Equation 4-2 P=FR 
where: P = power in watts (W) 
I = current in amperes (A) 
R = resistance in ohms (Q) 


You can get an equivalent expression for power in terms of voltage and current by substi- 
tuting V for IR (FP isI X D. 


P= Fe = <r = in) — Ue 
Equation 4-3 P=VI 


» FIGURE 4-1 


Power dissipation in an electric R i Heat produced by 
circuit results in heat energy given —s current through 


off by the resistance. | ! resistance is a result 
of energy conversion. 
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where P is in watts when V is in volts and J is in amperes. You can obtain another equiva- 
lent expression by substituting V/R for J (Ohm’s law). 


ei v() 
R 


P=— Equation 4—4 


The relationships between power and current, voltage, and resistance expressed in the pre- 
ceding formulas are known as Watt’s law. In each case, J must be in amps, V in volts, and R 
in ohms. To calculate the power in a resistance, you can use any one of the three power for- 
mulas, depending on what information you have. For example, assume that you know the val- 
ues of current and voltage. In this case calculate the power with the formula P = VI. If you 
know J and R, use the formula P = PR. If you know V and R, use the formula P = V7/R. 


ul 


(©) 


ou know V and /. Therefore, use Equation 4—3. 
| P = VI = (10 V)(2.A) = 20W 


ou know / and R. Therefore, use Equation 4-2. 
P = PR = (2A)°(47Q) = 188 W 
ou know V and R. Therefore, use Equation 44. 


_ ie eas 


= 2.5 W 
R 100 2 


tes on 120 V. How much current does it require? 
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Substituting 100 W for P and 120 V for V yields 


P_ 100W 
= —= = 0.8 = 833 mA 
: V 120V a 


elated Problem _A light bulb draws 545 mA from a 110 V source. What is the power dissipated? 


stor and a current of 3 A through it, what is the power 


in Figure 4-3 generate? What is the power in the 
ame? Why? 


+ 
24V T 
4 = 
ugh a 56 © resistor, what is the power dissipated? 
20 mA through a 4.7 kQ resistor? 
resistor. What is the power dissipated? 


© resistor with 8 V across it dissipate? 
bulb that takes 0.5 A? 


4-3 ResistOR POWER RATINGS 


As you know, a resistor gives off heat when there is current through it. The limit to the 
amount of heat that a resistor can give off is specified by its power rating. 


After completing this section, you should be able to 
¢ Properly select resistors based on power consideration 
@ Define power rating 
¢ Explain how physical characteristics of resistors determine their power rating 


@ Check for resistor failure with an ohmmeter 


The power rating is the maximum amount of power that a resistor can dissipate without 
being damaged by excessive heat buildup. The power rating is not related to the ohmic value 
(resistance) but rather is determined mainly by the physical composition, size, and shape of 
the resistor. All else being equal, the larger the surface area of a resistor, the more power it can 
dissipate. The surface area of a cylindrically shaped resistor is equal to the length (1) times 
the circumference (c), as indicated in Figure 44. The area of the ends is not included. 
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<4 FIGURE 4-4 


———- Length (1) ——>1 Series 
The power rating of a resistor is 
Circumference (c) directly related to its surface area. 
Surface area=/ xc 
Metal-film resistors are available in standard power ratings from % W to 1 W, as shown in 


Figure 4—5. Available power ratings for other types of resistors vary. For example, wirewound 
resistors have ratings up to 225 W or greater. Figure 4-6 shows some of these resistors 


SS <@ FIGURE 4-5 
Relative sizes of metal-film resistors 
—_—___qyr—-- -——- _ with standard power ratings of %W, 
\% W, 4 W, and 1 W. 
—— Lad 


(a) Axial-lead wirewound (b) Adjustable wirewound (c) Radial-lead for PC board insertion 


A FIGURE 4-6 
Typical resistors with high power ratings. 


When a resistor is used in a circuit, its power rating must be greater than the maximum 
power that it will have to handle. For example, if a resistor is to dissipate 0.75 W in a cir- 
cuit application, its rating should be at least the next higher standard value which is | W.A 
rating larger than the actual power should be used when possible as a safety margin. 
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Solution 


Related Problem 


Resistors can become 
very hot in normal 
operation. To avoid a 
burn, do not touch a 
circuit component 
while the power is 
| connected to the circuit. After power 
has been turned off, allow time for 
the components to cool down. 


> FIGURE 4-8 


Typical portable multimeters. 

(a) Courtesy of Fluke Corporation. 
Reproduced with permission. 

(b) Courtesy of B-++K Precision. 


In Figure 4—7(a), the actual power is 


Vv (10V)? _ 100 V? 
B 20g § 1200 


P= = 0.833 W 
Select a resistor with a power rating higher than the actual power. In this case, a 1 W 
resistor should be used. 

In Figure 4—7(b), the actual power is 


P = PR = (10mA)*(1000 2) = (10 x 10-7 A)2(1000 ©) = 0.1 W 
At least a % W (0.125 W) resistor should be used in this case. 


A certain resistor is required to dissipate 0.25 W. What standard rating should be used? 


When the power in a resistor is greater than its rating, the resistor will become exces- 
sively hot. As a result, either the resistor will burn open or its resistance value will be 
greatly altered. 

A resistor that has been damaged because of overheating can often be detected by the 
charred or altered appearance of its surface. If there is no visual evidence, a resistor that is 
suspected of being damaged can be checked with an ohmmeter for an open or incorrect re- 
sistance value. Recall that one or both leads of a resistor should be removed from a circuit 
to measure resistance. 


Checking a Resistor with an Ohmmeter 


A typical digital multimeter and an analog multimeter are shown in Figures 4—8(a) and 
4—8(b), respectively. For the digital meter in Figure 4—8(a), you use the round function 
switch to select ohms (2). You do not have to manually select a range because this partic- 
ular meter is autoranging and you have a direct digital readout of the resistance value. The 
large round switch on the analog meter is called a range switch. Notice the resistance 
(OHMS) settings on both meters. 

For the analog meter in part (b), each setting indicates the amount by which the ohms 
scale (top scale) on the meter is to be multiplied. For example, if the pointer is at 50 on the 


(a) Digital multimeter 


(b) Analog multimeter 
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ohms scale and the range switch is set at X10, the resistance being measured is 
50 X 100 = 500 ©. If the resistor is open, the pointer will stay at full left scale ( means 
infinite) regardless of the range switch setting. 


EXAMPLE 4-7 Determine whether the resistor in each circuit of Figure 4—9 has possibly been 
damaged by overheating. 


FIGURE 4-9 


Solution In the circuit in Figure 4—9(a), 

mye (OV) 
R 1000 
The rating of the resistor is % W (0.25 W), which is insufficient to handle the power 

The resistor has been overheated and may be burned out, making it an open. 

In the circuit of Figure 4—9(b), 
pecs’ 
R 15kO 


= 0.810 W = 810mW 


= 0.384 W = 384mW 


The rating of the resistor is 4 W (0.5 W), which is sufficient to handle the power. 
In the circuit of Figure 4—9(c), 


The rating of the resistor is 1 W, which is insufficient to handle the power. The resistor 
has been overheated and may be burned out, making it an open. 


Related Problem A0.25 W, 1.0kQ resistor is connected across a 12 V battery. Is the power rating adequate? 


1. Name two important values associated with a resistor. 

2. How does the physical size of a resistor determine the amount of power that it can 
handle? 

3. List the standard power ratings of metal-film resistors. 


4. A resistor must handle 0.3 W. What minimum power rating of a metal-film resistor 
should be used to dissipate the energy properly? 
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4—4 ENERGY CONVERSION AND VOLTAGE Drop IN RESISTANCE 


® FIGURE 4-10 


A loss of energy by electrons (charge) 


as they flow through a resistance 
creates a voltage drop because 
voltage equals energy divided by 
charge. 


As you have learned, when there is current through a resistance, electrical energy is con- 
verted to heat energy. This heat is caused by collisions of the free electrons within the 
atomic structure of the resistive material. When a collision occurs, heat is given off; and 
the electron gives up some of its acquired energy as it moves through the material. 
After completing this section, you should be able to 

« Explain energy conversion and voltage drop 


Discuss the cause of energy conversion in a circuit 
ip oe ee Toe eae 


a 
a » 


— 


ist 


Figure 4-10 illustrates charge in the form of electrons flowing from the negative terminal 
of a battery, through a circuit, and back to the positive terminal. As they emerge from the neg- 
ative terminal, the electrons are at their highest energy level. The electrons flow through each 
of the resistors that are connected together to form a current path (this type of connection is 
called series, as you will learn in Chapter 5). As the electrons flow through each resistor, some 
of their energy is given up in the form of heat. Therefore, the electrons have more energy 
when they enter a resistor than when they exit the resistor, as illustrated in the figure by the 
decrease in the intensity of the red color. When they have traveled through the circuit back to 
the positive terminal of the battery, the electrons are at their lowest energy level. 


Heat 


MEE 


@ Most energy 
@ Less energy 
») Least energy 


Recall that voltage equals energy per charge (V = WQ) and charge is a property of elec- 
trons. Based on the voltage of the battery, a certain amount of energy is imparted to all of 
the electrons that flow out of the negative terminal. The same number of electrons flow at 
each point throughout the circuit, but their energy decreases as they move through the 
resistance of the circuit. 

In Figure 4-10, the voltage at the left end of R, is equal tO Wente,/O, and the voltage at the 
right end of R; is equal to W.,;,/Q. The same number of electrons that enter R, also exit Rj, 
so Q is constant. However, the energy Wir is less than Werner, So the voltage at the right end 
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of R, is less than the voltage at the left end. This decrease in voltage across the resistor due to 
a loss of energy is called a voltage drop. The voltage at the right end of Rj is less negative 
(or more positive) than the voltage at the left end. The voltage drop is indicated by — and 
+ signs (the + implies a less negative or more positive voltage). 

The electrons have lost some energy in R; and now they enter R2 with a reduced energy 
level. As they flow through Rp), they lose more energy, resulting in another voltage drop 
across Rp. 


energy conversion in a resistor? 


drop in relation to conventional current direction? 


4—5 POWER SUPPLIES 


In general, a power supply is a device that provides power to a load. Recall that a load 
is any electrical device or circuit that is connected to the output of the power supply 
and draws current from the supply. 


After completing this section, you should be able to 
¢ Discuss power supplies and their characteristics 


e Def pe = 


Figure 4-11 shows a representation of a power supply with a loading device connected 
to it. The load can be anything from a light bulb to a computer. The power supply produces 
a voltage across its two output terminals and provides current through the load, as indicated 
in the figure. The product /Voyr is the amount of power produced by the supply and con- 
sumed by the load. For a given output voltage (Voy), More current drawn by the load 


means more power from the supply. 


<@ FIGURE 4-11 
Power supply and load. 


Power supply 


Power = 1Vouy 
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EXAMPLE 4-8 


Related Problem 


Equation 4—5 


Equation 4-6 


Power supplies range from simple batteries to regulated electronic circuits where an 
accurate output voltage is automatically maintained. A battery is a dc power supply that 
converts chemical energy into electrical energy. Electronic power supplies normally con- 
vert 110 V ac (alternating current) from a wall outlet into a regulated de (direct current) 
voltage at a level suitable for electronic components. 


Ampere-hour Ratings of Batteries 


Batteries convert chemical energy into electrical energy. Because of their limited source of 
chemical energy, batteries have a certain capacity that limits the amount of time over which 
they can produce a given power level. This capacity is measured in ampere-hours. The 
ampere-hour (Ah) rating determines the length of time that a battery can deliver a cer- 
tain amount of average current to a load at the rated voltage. 

A rating of one ampere-hour means that a battery can deliver an average of one ampere 
of current to a load for one hour at the rated voltage output. This same battery can deliver 
an average of two amperes for one-half hour. The more current the battery is required to 
deliver, the shorter the life of the battery. In practice, a battery usually is rated for a speci- 
fied current level and output voltage. For example, a 12 V automobile battery may be rated 
for 70 Ah at 3.5 A. This means that it can produce an average of 3.5 A for 20 h at the rated 
voltage. 


For how many hours can a battery deliver 2 A if it is rated at 70 Ah? 


The ampere-hour rating is the current times the number of hours (x) 
70 Ah = (2 A)(xh) 
Solving for the number of hours, x, yields 


70 Ah 
= 222 2.0% 
“ 2A ? 


A certain battery delivers 10 A for 6 h. What is its Ah rating? 


Power Supply Efficiency 


An important characteristic of electronic power supplies is efficiency. Efficiency is the 
ratio of the output power delivered to a load to the input power to a circuit. 


P 
Efficiency = ay 


IN 


Efficiency is often expressed as a percentage. For example, if the input power is 100 W and 
the output power is 50 W, the efficiency is (50 W/100 W) x 100% = 50%. 

All electronic power supplies require that power be put into them. For example, an elec- 
tronic power supply generally uses the ac power from a wall outlet as its input. Its output is 
usually a regulated de voltage. The output power is always less than the input power be- 
cause some of the total power must be used internally to operate the power supply circuitry. 
This internal power dissipation is normally called the power loss. The output power is the 
input power minus the power loss. 


Pout = Pin — Pross 


High efficiency means that very little power is dissipated in the power supply and there is 
a higher proportion of output power for a given input power. 


A Circuit APPLICATION @ 


“EXAMPLE 4-9 


Solution 


Related Problem 


A certain electronic power supply requires 25 W of input power. It can produce an 
output power of 20 W. What is its efficiency, and what is the power loss? 


iB 20 W 
Efficiency = a -osw 0.8 
Expressed as a percentage, 
20 W 
Effici = | —— ]100% = 80% 
ciency ( Ww) lo 


The power loss is 
Pross = Pin — Pour = 25W — 20W = 5W 


A power supply has an efficiency of 92%. If Ppy is 50 W, what is Pout? 
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Upply used in the lab operates with an input power of 1 W. It can 


resistor with one that is adequate. 


Power Ratings 


a maximum of 4 V. 


A Circuit Application 


that you modified in Chapter 3 is 
back. The last time, you verified that 
all the resistor values were correct. 
This time you must make sure each resistor has a sufficient 
power rating; and if the power rating is insufficient, replace the 


Assume the power rating of each resistor in the resistance box as 
modified in Chapter 3 is % W. The box is shown in Figure 4-12. 


® Determine if the power rating of each resistor is adequate for : 


t power of 750 mW. What is its efficiency? Determine the power loss. 


In this application, the resistance box { ® If a rating is not adequate, determine the lowest rating re- 
quired to handle the maximum power. Choose from standard 


ratings of % W, % W, 4 W, 1 W, 2 W, and 5 W. 


oped in Chapter 3. 


: Review 


1. How many resistors were replaced because of inadequate 
i power ratings? 


i resistors must be changed and to what minimum power 
ratings? 


@ Add the power rating of each resistor to the schematic devel- 


F 2. If the resistance must operate with 10 V maximum, which 
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(a) Top view 


| FIGURE 4-12 


Ad 
e 
e 


¢$¢¢ ¢ @ 


(b) Bottom view 


The power rating in watts of a resistor determines the maximum power that it can handle safely. 
Resistors with a larger physical size can dissipate more power in the form of heat than smaller ones. 


A resistor should have a power rating higher than the maximum power that it is expected to handle 
in the circuit. 


Power rating is not related to resistance value. 

A resistor normally opens when it overheats and fails. 

Energy is the ability to do work and is equal to power multiplied by time. 

The kilowatt-hour is a unit of energy. 

One kilowatt-hour equals one thousand watts used for one hour or any other combination of watts 
and hours that has a product of one. 


® A power supply is an energy source used to operate electrical and electronic devices. 


¢ 


A battery is one type of power supply that converts chemical energy into electri¢al energy. 


® An electronic power supply converts commercial energy (ac from the power company) to regu- 


¢¢¢ ¢ 


¢ 


lated dc at various voltage levels. 

The output power of a supply is the output voltage times the load current. 
A load is a device that draws current from the power supply. 

The capacity of a battery is measured in ampere-hours (Ah). 


One ampere-hour equals one ampere used for one hour, or any other combination of amperes and 
hours that has a product of one. 


A circuit with a high efficiency has a smaller percentage power loss than one with a lower efficiency. 


Key terms and other bold terms in the chapter are defined in the end-of-book glossary. 


Ampere-hour (Ah) rating A number given in ampere-hours determined by multiplying the cur- 
rent (A) times the length of time (h) a battery can deliver that current to a load. 


Efficiency The ratio of the output power delivered to a load to the input power to a circuit, usually 
expressed as a percentage. 
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Energy ‘The ability to do work. 

Joule (J) The SI unit of energy. 

Kilowatt-hour (kWh) A large unit of energy used mainly by utility companies. 
Power The rate of energy usage. 

Power supply A device that provides power to a load. 

Voltage drop The decrease in voltage across a resistor due to a loss of energy. 


Watt (W) The unit of power One watt is the power when | J of energy is used in | s. 


WwW 
4-1 P= fe Power equals energy divided by time. 
4-2 P=PR Power equals current squared times resistance. 
4-3 P=VI Power equals voltage times current. 

v2 
4-4 P= R Power equals voltage squared divided by resistance 

i PONT 3 
4-5 Efficiency = P Power supply efficiency 
IN 

4-6 Pour = Pin — Ptoss Output power is input power less power loss. 


Answers are at the end of the chapter. 


1. Power can be defined as 


(a) energy (b) heat 
(c) the rate at which energy is used (d) the time required to use energy 


2. Two hundred joules of energy are consumed in 10 s. The power is 
(a) 2000 W (b) 10 W (c) 20W (d) 2W 
3. If it takes 300 ms to use 10,000 J of energy, the power is 
(a) 33.3 kW (b) 33.3 W (c) 33.3 mW 
4. In 50 kW, there are 
(a) 500 W (b) 5000 W (c) 0.5 MW (d) 50,000 W 
5. In 0.045 W, there are 
(a) 45 kW (b) 45 mW (c) 4,500 pW (d) 0.00045 MW 
6. For 10 V and 50 mA, the power is 
(a) 500 mW (b) 0.5 W (c) 500,000 ~W (d) answers (a), (b), and (c) 
7. When the current through a 10 kQ resistor is 10 mA, the power is 
(a) 1W (b) 10 W (c) 100 mW (d) 1000 pW 
8. A 2.2kO resistor dissipates 0.5 W. The current is 
(a) 15.1 mA (b) 0.227 mA (c) 1.1mA (d) 4.4mA 
9. A 330 © resistor dissipates 2 W. The voltage is 
(a) 2.57V (b) 660 V (c) 6.6V (d) 25.7V 
10. If you used 500 W of power for 24 h, you have used 
(a) 0.5 kWh (b) 2400 kWh (c) 12,000 kWh (d) 12kWh 
11. How many watt-hours represent 75 W used for 10 h? 
(a) 75 Wh (b) 750 Wh (c) 0.75 Wh (d) 7500 Wh 
12. A 100 © resistor must carry a maximum current of 35 mA. Its rating should be at least 
(a) 35W = (b) 35 mW (ce) 123 mW _—(d) 3500 mW 
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13, The power rating of a resistor that is to handle up to 1.1 W should be 
(a) 0.25 W (b) 1 W (c) 2W (d) 5W 


14. A 22 © half-watt resistor and a 220 © half-watt resistor are connected across a 10 V source. 
Which one(s) will overheat? 


(a) 220 (b) 2200 (c) both (d) neither 
15. When the needle of an analog ohmmeter indicates infinity, the resistor being measured is 
(a) overheated (b) shorted (c) open (d) reversed 


16. A 12 V battery is connected to a 600 © load. Under these conditions, it is rated at 50 Ah. How 
long can it supply current to the load? 


(a) 2500 h (b) 50h (c) 25h (d) 4.16h 
17. A given power supply is capable of providing 8 A for 2.5 h. Its ampere-hour rating is 
(a) 2.5 Ah (b) 20 Ah (c) 8Ah 


18. A power supply produces a 0.5 W output with an input of 0.6 W. Its percentage of 
efficiency is 


(a) 50% (b) 60% (c) 83.3% (d) 45% 


Answers are at the end of the chapter. 


1. If the current through a fixed resistor goes from 10 mA to 12 mA, the power in the resistor 
(a) increases (b) decreases (c) stays the same 

2. If the voltage across a fixed resistor goes from 10 V to 7 V, the power in the resistor 
(a) increases (b) decreases (c) stays the same 

3. A variable resistor has 5 V across it. If you reduce the resistance, the power in the resistor 
(a) increases (b) decreases (c) stays the same 


4. If the voltage across a resistor increases from 5 V to 10 V and the current increases from 1 mA 
to 2 mA, the power 


(a) increases (b) decreases {c) stays the same 


§. If the resistance of a load connected to a battery is increased, the amount of time the battery 
can supply current 


(a) increases (b) decreases (c) stays the same 


6. If the amount of time that a battery supplies current to a load is decreased, its ampere-hour 
rating 


(a) increases (b) decreases (c) stays the same 

7. If the current that a battery supplies to a load is increased, the battery life 
(a) increases (b) decreases (c) stays the same 

8. If there is no load connected to a battery, its ampere-hour rating 


(a) increases (b) decreases (c) stays the same 


Refer to Figure 4-11. 
9. If the output voltage of the power supply increases, the power to the constant load 
(a) increases (b) decreases (c) stays the same 
10. For a constant output voltage, if the current to the load decreases, the load power 
(a) increases (b) decreases (c) stays the same 
11. For a constant output voltage, if the resistance of the load increases, the power in the load 
(a) increases (b) decreases (c) stays the same 


12. If the load is removed from the circuit leaving an open, ideally the power supply output 
voltage 


(a) increases (b) decreases (c) stays the same 


SECTION 4-1 


SECTION 4-2 


SECTION 4-3 


PROBLEMS ® 113 


More difficult problems are indicated by an asterisk (*). 


Answers to odd-numbered problems are at the end of the book. 


Energy and Power 
1. Prove that the unit for power (the watt) is equivalent to one volt * one amp. 
2. Show that there are 3.6 X 10° joules in a kilowatt-hour. 
3. What is the power when energy is consumed at the rate of 350 J/s? 
4. How many watts are used when 7500 J of energy are consumed in 5 h? 
5. How many watts does 1000 J in 50 ms equal? 
6. Convert the following to kilowatts: 
(a) 1000W ~~ (b) 3750 WSs (e) 160 W (a) 50,000 W 
7. Convert the following to megawatts: 
(a) 1,000,000 W (b) 3 x 10°w (c) 15 X 107 W (d) 8700 kw 
8. Convert the following to milliwatts: 
(a) 1W (b) 0.4 W (c) 0.002 W (d) 0.0125 W 
9. Convert the following to microwatts: 
(a) 2W (b) 0.0005 W (c) 0.25 mW (d) 0.00667 mW 
10. Convert the following to watts: 
(a) 1.5kW (b) 0.5 MW (c) 350 mW (d) 9000 p.W 
11. A particular electronic device uses 100 mW of power. If it runs for 24 h, how many joules of 
energy does it consume? 
*12. If a 300 W bulb is allowed to burn continuously for 30 days, how many kilowatt-hours of 
energy does it consume? 
*13. At the end of a 31 day period, your utility bill shows that you have used 1500 kWh. What is 
your average daily power usage? 
14, Convert 5 X 10° watt-minutes to kWh. 
15. Convert 6700 watt-seconds to kWh. 
16. For how many seconds must there be 5 A of current through a 47 © resistor in order to 
consume 25 J? 
Power in an Electric Circuit 


17. 
18. 
19. 
20. 
21. 
22. 


If a 75 V source is supplying 2 A to a load, what is the resistance value of the load? 

If a resistor has 5.5 V across it and 3 mA through it, what is the power? 

An electric heater works on 120 V and draws 3 A of current. How much power does it use? 
What is the power when there are 500 mA of current through a 4.7 kQ resistor? 

Calculate the power dissipated by a 10 k© resistor carrying 100 pA. 

If there are 60 V across a 680 C resistor, what is the power? 


A 56 © resistor is connected across the terminals of a 1.5 V battery. What is the power 
dissipation in the resistor? 


. If a resistor is to carry 2 A of current and handle 100 W of power, how many ohms must it be? 


Assume that the voltage can be adjusted to any required value. 


- A 12 V source is connected across a 10 2 resistor. 


(a) How much energy is used in two minutes? 


(b) If the resistor is disconnected after one minute, is the power during the first minute greater 
than, less than, or equal to the power during a two minute interval? 


Resistor Power Ratings 


26. 


A 6.8 k© resistor has burned out in a circuit. You must replace it with another resistor with the 
same resistance value. If the resistor carries 10 mA, what should its power rating be? Assume 
that you have available resistors in all the standard power ratings. 
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27. A certain type of power resistor comes in the following ratings: 3 W, 5 W, 8 W, 12 W, 20 W. 
Your particular application requires a resistor that can handle approximately 8 W. Which rating 
would you use for a minimum safety margin of 20% above the rated value? Why? 


SECTION 4—4 Energy Conversion and Voltage Drop in Resistance 
28. For each circuit in Figure 4-13, assign the proper polarity for the voltage drop across the resistor. 


a 
| 
(a) 


& FIGURE 4-13 


SECTION 4—5 Power Supplies 
29. A 50 © load uses 1 W of power. What is the output voltage of the power supply? 


30. Assume that an alkaline D-cell battery can maintain an average voltage of 1.25 V for 90 hours 
in a 10 © load before becoming unusable. What average power is delivered to the load during 
the life of the battery? 


31. What is the total energy in joules that is delivered during the 90 hours for the battery in Problem 30? 

32. A battery can provide an average of 1.5 A of current for 24 h. What is its ampere-hour rating? 

33. How much average current can be drawn from an 80 Ah battery for 10 h? 

34. If a battery is rated at 650 mAh, how much average current will it provide for 48 h? 

35. If the input power is 500 mW and the output power is 400 mW, how much power is lost? What 
is the efficiency of this power supply? 

36. To operate at 85% efficiency, how much output power must a source produce if the input power 
is 5 W? 

*37. A certain power supply provides a continuous 2 W to a load. It is operating at 60% efficiency. 

In a 24 h period, how many kilowatt-hours does the power supply use? 


Multisim Troubleshooting and Analysis 
These problems require your Multisim CD-ROM. 
38. Open file P04-38 and determine the current, voltage, and resistance. Using the measured val- 


ues, calculate the power. 

39. Open file P04-39 and determine the current, voltage, and resistance. Calculate the power from 
these values. 

40. Open file P04-40. Measure the current in the lamp and determine if the value agrees with that 
determined using the power and voltage rating of the lamp. 


SECTION REVIEWS 


SECTION 4-1 Energy and Power 
1. Power is the rate at which energy is used. 


2. P= Wht 
3. Watt is the unit of power. One watt is the power when 1 J of energy is used in | s 


ANswers @ 115 


4. (a) 68,000 W = 68 kW (b) 0.005 W = 5 mW (c) 0.000025 W = 25 np W 
5. W = (0.1 kW) (10h) = 1kWh 

6. 2000 Wh = 2kWh 

7. 360,000 Ws = 0.1 kWh 


SECTION 4—2 Power in an Electric Circuit 
P= (10 V)G A) = 30W 


2. P = (24V)(50 mA) = 1.2 W; 1.2 W; the values are the same because all energy generated by 
the source is dissipated by the resistance. 


3. P = (5A)*(56.Q) = 1400 W 

4. P = (20mA)(4.7kQ) = 1.88 W 
5. P= (6V)/100. = 2.5W 

6. P = (8 V)?/2.2kQ. = 29.1 mW 
7. R = 75 WK(0.5 A)? = 3000 


a 
e 


SECTION 4-3 Resistor Power Ratings 
1. Resistors have resistance and a power rating. 
2. A larger surface area of a resistor dissipates more power. 
3. 0.125 W, 0.25 W, 0.5 W, | W 
4. A 0.5 W rating should be used for 0.3 W. 


SECTION 4—4 Energy Conversion and Voltage Drop in Resistance 


1. Energy conversion in a resistor is caused by collisions of free electrons with the atoms in the 
material. 


2. Voltage drop is a decrease in voltage across a resistor due to a loss of energy. 


3. Voltage drop is positive to negative in the direction of conventional current. 


SECTION 4-5 Power Supplies 
1. More current means a greater load. 
2. P = (10 V)(0.5A) = 5W 
3. t = 100 Ah/5 A = 20h 
4. P = (12 V)(5 A) = 60W 
5. Eff = (0.75 W/1 W)100% = 75%; PLoss = 1000 mW — 750mW = 250mW 


A Circuit Application 
1. Two 
2. 10 O, 10 W; 100 ©, 1 W; 400 0, %W 


RELATED PROBLEMS FOR EXAMPLES 

4-1 3000] 

42 (a) 0.001 W (b) 0.0018 W (c) 1W (d) 0.000001 W 
4-3 2kWh 

4-4 (a) 40W (b) 376W (c) 625 mW 

4-5 60W 

4-6 0.5W 

4-7 Yes 

4-8 60 Ah 

4-9 46W 


116 @ ENERGY AND POWER 


SELF-TEST 

1. (c) 2. (c) 3. (a) 4. (d) 5. (b) 
9. (d) 10. (d) 11. (b) 12. (c) 13. (c) 
17. (b) 18. (c) 


CIRCUIT DYNAMICS QUIZ 
1. (a) 2. (b) 3. (a) 4. (a) 5. (a) 
7. (b) 8. (c) 9. (a) 10. (b) 1L. (b) 


6. (d) 
14. (a) 


6. (c) 
12. (c) 


7. (a) 
15. (c) 


8. (a) 
16. (a) 


Resistors in Series 
Current in a Series Circuit 
Total Series Resistance 
Application of Ohm’s Law 
Voltage Sources in Series 
Kirchhoff’s Voltage Law 
Voltage Dividers 

Power in Series Circuits 
Voltage Measurements 
Troubleshooting 

A Circuit Application 


Identify a series resistive circuit 

Determine the current throughout a series circuit 

Determine total series resistance 

Apply Ohm’s law in series circuits 

Determine the total effect of voltage sources connected in series 
Apply Kirchhoff’s voltage law 

Use a series circuit as a voltage divider 

Determine power in a series circuit 

Measure voltage with respect to ground 

Troubleshoot series circuits 


Series 

Kirchhoff’s voltage law 
Voltage divider 
Reference ground 

/ » Open 
Short 


In the application, you will evaluate a voltage-divider circuit 
board connected to a 12 V battery to provide a selection of 
fixed reference voltages for use with an electronic instrument. 


Study aids for this chapter are available at 
http://www. prenhall.com/floyd 


In Chapter 3 you learned about Ohm’s law, and in Chapter 4 
you learned about power in resistors. In this chapter, those 
concepts are applied to circuits in which resistors are con- 
nected in a series arrangement. 

Resistive circuits can be of two basic forms: series and 
parallel. In this chapter, series circuits are studied. Parallel 
circuits are covered in Chapter 6, and combinations of series 
and parallel resistors are examined in Chapter 7. In this 
chapter, you will see how Ohim’s law is used in series circuits; 
and you will learn another important circuit law, Kirchhoff’s 
voltage law. Also, several applications of series circuits, 
including voltage dividers, are presented. 

When resistors are connected in series and a voltage is 
applied across the series connection, there is only one path 
for current; and, therefore, each resistor in series has the 
same amount of current through it. All of the resistances in 
series add together to produce a total resistance. The voltage 
drops across each of the resistors add up to the voltage 
applied across the entire series connection. 


. 
: 
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5-1 RESISTORS IN SERIES 


When connected in series, resistors form a “string” in which there is only one path for 
current. 


After completing this section, you should be able to 


¢ Identify a series resistive circuit 
ae ive . 


The schematic in Figure 5—1(a) shows two resistors connected in series between point A 
and point B. Part (b) shows three resistors in series, and part (c) shows four in series. Of 
course, there can be any number of resistors in a series circuit. 


R Ry R R, R; Ri rR: ER 
Ao——\W——4W— 8 AoA 404A 


(a) (b) (c) 
» FIGURE 5-1 
Resistors in series. 


When a voltage source is connected between point A and B, the only way for current to 
get from one point to the other in any of the connections of Figure 5—1 is to go through each 
of the resistors. The following statement describes a series circuit: 


A series circuit provides only one path for current between two points so that the 
current is the same through each series resistor. 


In an actual circuit diagram, a series circuit may not always be as easy to visually iden- 
tify as those in Figure 5—1. For example, Figure 5—2 shows series resistors drawn in other 
ways with voltage applied. Remember, if there is only one current path between two points, 
the resistors between those two points are in series, no matter how they appear in a 


diagram. 
One path, A to B 
+ + a A B — 
A A Om Am + - 7B 
One path, One path, One path, One path 
AtoB AtoB AtoB AtoB 
Be B Be Aft 
- = - + 
(a) (b) (c) (d) (e) 
A FIGURE 5-2 


Some examples of series circuits. Notice that the current is the same at all points because the current 
has only one path. 


are five resistors positioned on a protoboard as shown in Figure 5-3. 
Series so that, starting from the positive (+) terminal, R, is first, 
is third, and so on. Draw a schematic showing this connection. 


Solution 


FIGURE 5-4 


Related Problem 


EXAMPLE 5-2 


FIGURE 5-5 
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FIGURE 5-3 f an = 
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The wires are connected as shown in Figure 5—4(a), which is the assembly diagram. 
The schematic is shown in Figure 5—4(b). Note that the schematic does not necessarily 
show the actual physical arrangement of the resistors as does the assembly diagram. 
The schematic shows how components are connected electrically; the assembly dia- 
gram shows how components are arranged and interconnected physically. 
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(a) Assembly diagram (b) Schematic 


(a) Show how you would rewire the protoboard in Figure 5—4(a) so that all the odd- 
numbered resistors come first followed by the even-numbered ones. (b) Determine the 


resistance value of each resistor. 


*Answers are at the end of the chapter 


Describe how the resistors on the printed circuit (PC) board in Figure 5—5 are related 
electrically. Determine the resistance value of each resistor. 


Pin 1 
Pin 2 


Pin 3 
Pin 4 
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ries with each other. This series combination is 


= 82kQ, and Ry; = 270k0. 


| pin 2 and pin 3 in Figure 5—5 are connected? 


der from terminal A to terminal B. 
Figure 5—6 in series with each other. 


A Rg 
oMM—o SR 


B 


5—2 CURRENT IN A SERIES CIRCUIT 


The current is the same through all points in a series circuit. The current through each 
resistor in a series circuit is the same as the current through all the other resistors that 
are in series with it. 


Figure 5—7 shows three resistors connected in series to a de voltage source. At any point 
in this circuit, the current into that point must equal the current out of that point, as illus- 
trated by the current directional arrows. Notice also that the current out of each resistor 
must equal the current into each resistor because there is no place where part of the current 
can branch off and go somewhere else. Therefore, the current in each section of the circuit 
is the same as the current in all other sections. It has only one path going from the positive 
(+) side of the source to the negative (—) side. 

Let’s assume that the battery in Figure 5—7 supplies one ampere of current to the series 
resistance. There is one ampere of current out of the battery’s positive terminal. When am- 
meters are connected at several points in the circuit, as shown in Figure 5-8, each meter 
reads one ampere. 


CURRENT IN A SERIES Circuit @ 121 


(a) Pictorial (b) Schematic 


A FIGURE 5-7 
Current into any point in a series circuit is the same as the current out of that point. 


(a) Pictorial (b) Schematic 


& FIGURE 5-8 
Current is the same at all points in a senes circuit. 


.7 © resistor in series, there is 1 A of current through 
nt is through the 4.7 ©, resistor? 


1 between points A and B in Figure 5-9. It measures 
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‘does ammeter 1 indicate? How much current does 


5-3 Tortat Series RESISTANCE 


The total resistance of a series circuit is equal to the sum of the resistances of each 
individual series resistor. 


After completing this section, you should be able to 


¢ Determine tota s resistance 


Series Resistor Values Add 


When resistors are connected in series, the resistor values add because each resistor offers 
opposition to the current in direct proportion to its resistance. A greater number of resis- 
tors connected in series creates more opposition to current. More opposition to current im- 
plies a higher value of resistance. Thus, every time a resistor is added in series, the total 
resistance increases. 

Figure 5—11 illustrates how series resistances add to increase the total resistance. Figure 
5-1 1(a) has a single 10 resistor. Figure 5—I 1(b) shows another 10 © resistor connected 


. 100 
| 100 
(b) 


Total resistance increases with each additional series resistor. 


n, 
T ; 
(a) 


» FIGURE 5-11 


in series with the first one, making a total resistance of 20 ©. If a third 10 2 resistor is con- 
nected in series with the first two, as shown in Figure 5—11(c), the total resistance becomes 
30 ©. 


Series Resistance Formula 


For any number of individual resistors connected in series, the total resistance is the sum of 
each of the individual values. 


Rr = R, + Ro + Rg eR, 
where Rz is the total resistance and R,, is the last resistor in the series string (7 can be any 


positive integer equal to the number of resistors in series). For example, if there are four re- 
sistors in series (n = 4), the total resistance formula is 


Ry = Ri + Ro + Rg + Ry 
If there are six resistors in series (n = 6), the total resistance formula is 
Ry = R + Rp + R3 + Ry + Rs + Re 


To illustrate the calculation of total series resistance, let’s determine Ry in the circuit of 
Figure 5—12, where Vs is the source voltage. The circuit has five resistors in series. To get 
the total resistance, simply add the values. 


Ry = 560 + 1000 + 270 + 100 + 470 = 2400 


Note in Figure 5—12 that the order in which the resistances are added does not matter. You 
can physically change the positions of the resistors in the circuit without affecting the total 
resistance or the current. 


A FIGURE 5-12 
Example of five resistors in series. 


TOTAL SERIES RESISTANCE 


Equation 5-1 
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Solution The resistors are connected as shown in Figure 5-14. Find the total resistance by 
adding all the values. 


Rr = Ry + Ro + R3 + Ry + Rs = 330+ 680 + 1000 + 470 + 100 = 2580 


BRS SRR ER 

Saf Yrate PAN 7: == Bi Ry 
= BRE QR FR PRS RET 

sewiune pune Ae | 

a5, 


330 68 
Rs R, 
as ao | od =m see 

mr page ooo pags oO 100 


(a) Circuit assembly (b) Schematic 


FIGURE 5-14 


Related Problem Determine the total resistance in Figure 5—14(a) if the positions of Rp and Ry are 
interchanged. 


EXAMPLE 5-4 What is the total resistance (Ry) in the circuit of Figure 5-15? 


FIGURE 5-15 


Solution Sum ail the values. 
Rz = 390 + 1000 + 470 + 1000 + 1800 + 680 = 5340 


Related Problem What is the total resistance for the following series resistors: 1.0 kO, 2.2k0,., 3.3 kO, 
and 5.6kQ? 


TOTAL SERIES RESISTANCE @ 125 


EXAMPLE 5-5 Determine the value of R, in the circuit of Figure 5-16 


FIGURE 5-16 


R, = 1.0k0 


Ry 2.2K 


+ 
== 
RS 4.7kO 
Ry 


Solution From the ohmmeter reading, Rp = 17.9k©. 
Ry = Ry + Rp + Ry + Ry 
Solving for Ry yields 
Rg = Rr — (Ry + Rp + R3) = 17.9kO — (1.0kO + 2.2kN + 4.7kQ) = 10k0 


Related Problem Determine the value of Rg in Figure 5—16 if the ohmmeter reading is 14.7 kQ.. 


Equal-Value Series Resistors 


When a circuit has more than one resistor of the same value in series, there is a shortcut 
method to obtain the total resistance: Simply multiply the resistance value by the number 
of equal-value resistors that are in series. This method is essentially the same as adding the 
values. For example, five 100 (2 resistors in series have an Ry of 5(100 2) = 500 2. In 
general, the formula is expressed as 


Ry; =nR Equation 5—2 


where n is the number of equal-value resistors and R is the resistance value. 


EXAMPLE 5-6 Find the Ry of eight 22 2 resistors in series. 


Solution Find Rr by adding the values. 
Ry = 220 + 220) + 220, + 220 + 22.0 + 220 + 220 + 220 = 1760 
However, it is much easier to multiply to get the same result. 
Ry = 8(22 0) = 1760 


Related Problem Find Ry for three 1.0kQ resistors and two 720 C resistors in series 
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) are in series: 1.0 ©, 2.2 ©, 3.3 O, and 4.7 ©. What 


ries: one 100 ©, two 56 ©, four 12 ©, and one 330 2. 


or each of the following values: 1.0kQ, 2.7kO, 


otal resistance of approximately 13.8 kO, you need one 
value be? 

esistors in series? 

) resistors and thirty 8.2 kOQ resistors in series? 


5-4 APPLICATION OF OHM’s LAW 


The basic concepts of series circuits and Ohm’s law can be applied to series circuit 
analysis. 


After completing this section, you should be able to 


¢ Apply Ohm’s law in series circuits 


The following are key points to remember when you analyze series circuits: 


1. Current through any of the series resistors is the same as the total current. 


2. If you know the total applied voltage and the total resistance, you can determine the 
total current by Ohm’s law. 
Vr 
k= 
T Ry 
3. If you know the voltage drop across one of the series resistors (R,), you can deter- 
mine the total current by Ohm’s law. 


4. If you know the total current, you can find the voltage drop across any of the series 
resistors by Ohm’s law. 


Vp = IR, 


5. The polarity of a voltage drop across a resistor is positive at the end of the resistor 
that is closest to the positive terminal of the voltage source. 


6. The current through a resistor is defined to be in a direction from the positive end 
of the resistor to the negative end. 


7. An open in a series circuit prevents current; and, therefore, there is zero voltage 
drop across each series resistor. The total voltage appears across the points between 
which there is an open. 


Now let’s look at several examples that use Ohm’s law for series circuit analysis. 


APPLICATION OF OHM’s LAW @ 127 


EXAMPLE 5-7 Find the current in the circuit of Figure 5—17 


FIGURE 5-17 


Solution The current is determined by the source voltage Vs and the total resistance Ry. First, 
calculate the total resistance. 


Ry = Ry + Rp + R3 + Ry = 820 + 2204+ 150 4+ 100 = 1290 
Next, use Ohm’s law to calculate the current. 


Vs Dy) 
= — = —— = 0.194A = 19 


where Vsg is the total voltage and I is the total current. Remember, the same current ex- 
ists at all points in the circuit. Thus, each resistor has 194 mA through it. 


Related Problem What is the current in the circuit of Figure 5—17 if R4 is changed to 100 0? 


Use Multisim file E05-07 to verify the calculated results in this example and to con- 
a firm your calculation for the related problem. 


EXAMPLE 5-8 The current in the circuit of Figure 5—18 is 1 mA. For this amount of current, what 
must the source voltage Vs be? 


FIGURE 5-18 
Vs 
HI 
— Vh+ 
= 4 
R, R, 
15kO 12kQ 
- T=l1mA a 
R3 Ry 
AW AW 


Solution In order to calculate Vs, first determine Ry. 
Next, use Ohm’s law to determine Vs. 


Vs = IRz = (1 mA)(9.5kQ) = 9.5V 
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Related Problem Calculate Vg if the 5.6 k© resistor is changed to 3 9k) with the current the same 


EXAMPLE 5-9 


i ) 


Solution 


Use Multisim file E05-08 to verify the calculated results in this example and to con- 
firm your calculation for the related problem. 


Calculate the voltage across each resistor in Figure 5-19, and find the value of Vs. To 
what maximum value can Vg be raised if the current is to be limited to 5 mA? 


FIGURE 5-19 


By Ohim’s law, the voltage across each resistor is equal to its resistance multiplied by 
the current through it. Use the Ohm’s law formula V = IR to determine the voltage 
across each of the resistors. Keep in mind that there is the same current through each 
series resistor. The voltage across R, (designated Vj) is 


V, = IR; = UmA)1.0kD) = 1V 
The voltage across R> is 

Vo = IR, = (1mA)3.3kQ) = 3.3V 
The voltage across R3 is 

V3 = IR; = (1 mA)(4.7kQ) = 4.7V 
To find the value of Vs, first determine Rr. 

Ry = 1.0k0 + 3.3k0 + 4.7kO = 9k0 
The source voltage Vs is equal to the current times the total resistance 
Vs = IRy = (1 mA)QkQ) = 9V 


Notice that if you add the voltage drops of the resistors, they total 9 V, which is the 
same as the source voltage. 


Related Problem 


EXAMPLE 5-10 


Solution 


FIGURE 5-21 


The voltmeter readings across 
each resistor are indicated. 


APPLICATION OF OHM’S LAW @ 129 


V, can be increased to a value where J = 5 mA. Calculate the maximum value of 
Vs as follows: 


Repeat the calculations for Vj, V2, V3, Vs, and Vsimax) if R3 = 2.2 kO and J is main- 
tained at J mA. 


Use Mulltisim file EOS-09 to verify the calculated results in this example and to con- 
firm your calculations for the related problem. 


Some resistors are not color-coded with bands but have the values stamped on the resistor 
body. When the circuit board shown in Figure 5S—20 was assembled, the resistors were 
erroneously mounted with the labels turned down, and there is no documentation showing 
the resistor values. Without removing the resistors from the board, use Ohm’s law to de- 
termine the resistance of each one. Assume that a multimeter and a power supply are 
available but the ohmmeter function of the multimeter does not work 


FIGURE 5-20 


The resistors are all in series, so the current is the same through each one. Measure 
the current by connecting a 12 V source (arbitrary value) and an ammeter as shown 
in Figure 5—21. Measure the voltage across each resistor. Start with the voltmeter 
across the first resistor, and then repeat this measurement for the other three 
resistors. For illustration, the voltage values indicated on the board are assumed to 
be the measured values. 
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Determine the resistance of each resistor by substituting the measured values of 
current and voltage into the Ohm’s law formula. 


R= = =~ - 1000 
R= -2 == = 1200 
R= 3 = 2 * = 100 
R= $= 2-0 


Notice that the largest-value resistor has the largest voltage drop across it 


What is an easier way to determine the resistance values? 


s three 100 © resistors in series. What is the current 


to produce 50 mA through the circuit of Figure 5-22? 


‘oss each resistor in Figure 5—22 when the current is 


connected in series with a 5 V source. A current of 
value of each resistor? 


5—5 VOLTAGE SOURCES IN SERIES 


Recall that a voltage source is an energy source that provides a constant voltage to a load. 
Batteries and electronic power supplies are practical examples of dc voltage sources. 


After completing this section, you should be able to 
Determine the total effect of voltage sources connected in series 
¢ Determine the total voltage of series sources with the same polarities 


e Determine the total voltage of series sources with opposite polarities 
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1.5V ARSE) 15V 15V ESV ESV 
— bt — 1+ — y+ — b+ +h D- — 1+ 
so} fen xe th} “fi ~ « 
- << ———_ 15 V ———_——__——> + <x LS v- ——< 
(a) (b) 


» FIGURE 5-23 


Voltage sources in series add algebraically. 


When two or more voltage sources are in series, the total voltage is equal to the alge- 
braic sum of the individual source voltages. The algebraic sum means that the polarities of 
the sources must be included when the sources are combined in series. Sources with oppo- 
site polarities have voltages with opposite signs. 


Vscoty = Vsi + Vs2 + ++: + Von 
When the voltage sources are all in the same direction in terms of their polarities, as in 


Figure 5—23(a), all of the voltages have the same sign when added; there is a total of 4.5 V 
from terminal A to terminal B with A more positive than B. 


Vap = 15V + 15V + 15V = +4.5V 


The voltage has a double subscript, AB, to indicate that it is the voltage at point A with re- 
spect to point B. 

In Figure 5—23(b), the middle voltage source is opposite to the other two; so its voltage 
has an opposite sign when added to the others. For this case the total voltage from A to B is 


Vane alo Ve SIV! ESV, — Silesia 


Terminal A is 1.5 V more positive than terminal B. 

A familiar example of voltage sources in series is the flashlight. When you put two 1.5 V 
batteries in your flashlight, they are connected in series, giving a total of 3 V. When con- 
necting batteries or other voltage sources in series to increase the total voltage, always con- 
nect from the positive (+-) terminal of one to the negative (—) terminal of another. Such a 
connection is illustrated in Figure 5-24. 


at 
ae 
— 6V 
I. 
——=—6V I8V 
+ 
i 


A FIGURE 5~24 


Connection of three 6 V batteries to 


obtain 18 V 
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The three individual sources can be replaced by a single equivalent source of 18 V 
with its polarity as shown in Figure 5-26. 


FIGURE 5-26 


Related Problem If Vs3 in Figure 5—25 is reversed, what is the total source voltage? 


* Use Multisim file E05-11 to verify the calculated results in this example and to con- 
firm your calculation for the related problem 


EXAMPLE 5-12 Determine Vg yor) in Figure 5-27. 


FIGURE 5-27 


ISV == Ve, 
JE 


Solution These sources are connected in opposing directions. If you go clockwise around the 
circuit, you go from plus to minus through Vg;, and minus to plus through Vs>. The 
total voltage is the difference of the two source voltages (algebraic sum of oppositely 
signed values). The total voltage has the same polarity as the larger-value source. Here 
we will choose Vs to be positive. 


Vsqtot) = Vs2 — Vs = 25V — ISV = 10V 


The two sources in Figure 5—27 can be replaced by a single 10 V equivalent source 
with polarity as shown in Figure 5—28. 


FIGURE 5-28 


10 V = Vseor R 


Related Problem If an 8 V source in the direction of Vs, is added in series in Figure S—27, what is Votot)? 


- Use Multisim file E05-12 to verify the calculated results in this example and to con- 
__ firm your calculation for the related problem. 
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are connected in series plus to minus. What is the total 


ust be connected in series to produce 60 V? Draw a 


5-29 is used to bias a transistor amplifier. Show how to 
ies in order to get 30 V across the two resistors. 


e voltage in each circuit of Figure 5-30. 
le-source circuit for each circuit of Figure 5-30. 


Bias voltage 


20 V 


— byt 
I 
+ 
10Ve—= a=" 10V 


5-6 KIRCHHOFF’S VOLTAGE LAW 


Kirchhoff’s voltage law is a fundamental circuit law that states that the algebraic sum 
of all the voltages around a single closed path is zero or, in other words, the sum of the 
voltage drops equals the total source voltage. 


After completing this section, you should be able to 
¢ Apply Kirchhoff’s voltage law 
¢ State Kirchhoff’s voltage law 
Determine the source voltage by adding the voltage drops 


Determine an unknown voltage drop 


In an electric circuit, the voltages across the resistors (voltage drops) always have po- 
larities opposite to the source voltage polarity. For example, in Figure 5-31, follow a clock- 
wise loop around the circuit. Note that the source polarity is minus-to-plus and each 
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Equation 5-3 


> FIGURE 5-31 V> 


Illustration of voltage polarities in a 
closed-loop circuit. 


voltage drop is plus-to-minus. The voltage drops across resistors are designated as V;, V2, 
and so on. 

In Figure 5—31, the current is out of the positive side of the source and through the re- 
sistors as the arrows indicate. The current is into the positive side of each resistor and out 
the negative side. The drop in energy level across a resistor creates a potential difference, 
or voltage drop, with a plus-to-minus polarity in the direction of the current. 

The voltage from point A to point B in the circuit of Figure 5-31 is the source voltage, 
Vs. Also, the voltage from A to B is the sum of the series resistor voltage drops. Therefore, 
the source voltage is equal to the sum of the three voltage drops, as stated by Kirchhoff’s 
voltage law. 


The sum of all the voltage drops around a single closed path in a circuit is equal to 
the total source voltage in that loop. 


The general concept of Kirchhoff’s voltage law is illustrated in Figure 5—32 and expressed 
by Equation 5-3. 


Vg = Vj + V2 + V3 +---+ V, 


where the subscript n represents the number of voltage drops. 


> FIGURE 5-32 


Sum of n voltage drops equals the 
source voltage. 


If all the voltage drops around a closed path are added and then this total is subtracted 
from the source voltage, the result is zero. This result occurs because the sum of the volt- 
age drops always equals the source voltage 


The algebraic sum of all the voltages (both source and drops) around a single 
closed path is zero. 
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Therefore, another way of expressing Kirchhoff’s voltage law in equation form is 
VeVi Vee Va 0 Equation 5—4 
You can verify Kirchhoff’s voltage law by connecting a circuit and measuring each re- 
sistor voltage and the source voltage as illustrated in Figure S—33. When the resistor volt- 


ages are added together, their sum will equal the source voltage. Any number of resistors 
can be added. 


The three examples that follow use Kirchhoff’s voltage law to solve circuit problems. 


: FIGURE 5-33 
Illustration of an experimental verification of Kirchhoff’s voltage law. 


5—34 where the two voltage drops are 
e fuse. 


the source voltage (applied voltage) must equal 
voltage drops gives the value of the source 


5V+10V=15V 
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EXAMPLE 5-14 


Solution 


Related Problem 


Determine the unknown voltage drop, V3, in Figure 5-35. 


FIGURE 5-35 


By Kirchhoff’s voltage law (Eq. 5—4), the algebraic sum of all the voltages around the 
circuit is zero. The value of each voltage drop except V3 1s known. Substitute these 
values into the equation. 
Bist ’s] — Vi — V2 — V3 = 0 
Salve SOV 12V —6V — ¥3=—0V 


Next, combine the known values, transpose 17 V to the right side of the equation, and 
cancel the minus signs. 


17V — V3 =0V 
—V3 =-17V 
V;=17V 


The voltage drop across R3 is 17 V, and its polarity is as shown in Figure 5—35. 


Determine V3 if the polarity of Vsz is reversed in Figure 5—35. 


EXAMPLE 5-15 


Solution 


Find the value of Rq4 in Figure 5—36. 


FIGURE 5-36 


In this problem you will use both Ohm’s law and Kirchhoff’s voltage law. 
First. use Ohm’s law to find the voltage drop across each of the known resistors 
V, = IR, = (200mA)(10 0) = 2.0V 
V2 = IR2 = (200 mA)(47 0) = 9.4V 
V3 = IR3 = (200 mA)(100 2) = 20 V 


Vo.tTace Divipers @ 137 


Next, use Kirchhoff’s voltage law to find V4, the voltage drop across the unknown 
resistor. 
Votes Vo V3 — Ve — OV 
100V — 2.0V —94V —20V-—-VW4,=0V 
68.6V — V¥, =0V 


V4 = 68.6V 
Now that you know V4, use Ohm’s law to calculate Ry. 
V4 «68.6 V 
1 200 mA ad 
This is most likely a 330 © resistor because 343 Q is within a standard tolerance 


range (+5%) of 3302. 


Related Problem Determine R, in Figure 5-36 for Vs = 150 V and J = 200 mA. 


x Use Multisim file EO5-15 to verify the calculated results in the example and to confirm 
= “a your calculation for the related problem. 


’s voltage law in two ways. 
connected to a series resistive circuit. What is the sum of the voltage 


jlue resistors are connected in series across a 10 V battery. What is the 
cross each resistor? 


with a 25 V source, there are three resistors. One voltage drop is 5 V, 
10 V. What is the value of the third voltage drop? 

voltage drops in a series string are as follows: 1 V, 3 V, 5 V, 8 V, and 7 V. 
al voltage applied across the series string? 


VOLTAGE DIVIDERS 


A series circuit acts as a voltage divider. The voltage divider is an important applica- 
tion of series circuits. 


After completing this section, you should be able to 
* Use a series circuit as a voltage divider 
¢ Apply the voltage-divider formula 
¢ Use a potentiometer as an adjustable voltage divider 


« Describe some voltage-divider applications 


A circuit consisting of a series string of resistors connected to a voltage source acts as a 
voltage divider. Figure 5—37 shows a circuit with two resistors in series, although there 
can be any number. There are two voltage drops across the resistors: one across R; and one 
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Equation 5—5 


> FIGURE 5-37 
Two-resistor voltage divider. 
ae 


across R>. These voltage drops are V; and V2, respectively, as indicated in the schematic. 
Since each resistor has the same current, the voltage drops are proportional to the resistance 
values. For example, if the value of R> is twice that of R,, then the value of V2 is twice that 
of V; 5 

The total voltage drop around a single closed path divides among the series resistors in 
amounts directly proportional to the resistance values. For example, in Figure 5—37, if Vs 
is 10 V, R, is 50 Q, and R2 is 100 ©, then V, is one-third the total voltage, or 3.33 V, be- 
cause R, is one-third the total resistance of 150 (1. Likewise, V2 is two-thirds Vs, or 6.67 V. 


Voltage-Divider Formula 


With a few calculations, you can develop a formula for determining how the voltages 
divide among series resistors. Assume a circuit with 7 resistors in series as shown in Figure 
5-38, where n can be any number. 


® FIGURE 5-38 


Generalized voltage divider with n 
resistors. 


Let V, represent the voltage drop across any one of the resistors and R, represent the 
number of a particular resistor or combination of resistors. By Ohm’s law, you can express 
the voltage drop across R, as follows: 


V, = IR,, 
The current through the circuit is equal to the source voltage divided by the total 


resistance (I = Vs/Ry). In the circuit of Figure 5-38, the total resistance is 
R, + Rp + R3 + --- + R,,. By substitution of Vs/Ry for Jin the expression for V,, 


V. 
V, = (F5)e 
Ry 


Rearranging the terms you get 
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Equation 5—5 is the general voltage-divider formula which can be stated as follows: 


The voltage drop across any resistor or combination of resistors in a series circuit 
is equal to the ratio of that resistance value to the total resistance, multiplied by the 


source voltage. 


EXAMPLE 5-16 


Determine V, (the voltage across R,) and V> (the voltage across R) in the voltage 


divider in Figure 5-39. 


FIGURE 5-39 


| 
Solution To determine Vj, use the voltage-divider formula, V, = (R,/Ry)Vs, where x = 1. The 
total resistance is 
Ry = R, + Ry = 1000 + 560 = 1560 
R, is 100 © and Vs is 10 V. Substitute these values into the voltage-divider formula. 
R, 100 © 
V, =| — JVs = | = _JIOV = 6.41V 
: > . ae, 

There are two ways to find the value of V2: Kirchhoff’s voltage law or the voltage- 
divider formula. If you use Kirchhoff’s voltage law (Vs = V; + V2), substitute the 
values for Vs and V, as follows: 

V2 = Vs — V; = 10V — 6.41 V = 3.59 V 
To determine V> use the voltage-divider formula where x = 2. 

R> 56 0, 
V2 = | — ]Vs = | -—— ]L0V = 3.59 V 
: fe) ‘ io) 
Related Problem Find the voltages across R, and R> in Figure 5—39 if R2 is changed to 180 2. 
Use Multisim file E05-16 to verify the calculated results in this example and to con- 
_ firm your caiculations for the related problem. 


EXAMPLE 5-17 


Calculate the voltage drop across each resistor in the voltage divider of Figure 5—40. 


FIGURE 5-40 
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Solution 


Related Problem 


~ 


Look at the circuit for a moment and consider the following: The total resistance is 
1000 ©.. Ten percent of the total voltage is across R, because it is 10% of the total 
resistance (100 © is 10% of 1000 ©). Likewise, 22% of the total voltage is dropped | 
across R> because it is 22% of the total resistance (220 0 is 22% of 1000 2). Finally, | 
R; drops 68% of the total voltage because 680 CO is 68% of 1000 2. 

Because of the convenient values in this problem, it is easy to figure the voltages 
mentally. (V; = 0.10 X 10V = 1V, V2 = 0.22 * 10 V = 2.2V, and V3 = 
0.68 X 10 V = 6.8 V). Such is not always the case, but sometimes a little thinking 
will produce a result more efficiently and eliminate some calculating. This is also a 
good way to estimate what your results should be so that you will recognize an unrea- 
sonable answer as a result of a calculation error. 

Although you have already reasoned through this problem, the calculations will 
verify your results. | 

| 


Ry 100 0 
= | — }V, = 10V=1V 
ve (Ft) Saal : 


R 22 
vo = (2 )vs = ( oe jiov = 22 
T 


R 1000 0 
_(Rs\. _ ( 6800 a 
Vs = (72 vs = (SRG jlo = 68v | 


Notice that the sum of the voltage drops is equal to the source voltage, in accordance 
with Kirchhoff’s voltage law. This check is a good way to verify your results. 


If R, and R> in Figure 5—40 are changed to 680 0, what are the voltage drops? 


Use Multisim file E05-17 to verify the calculated results in this example and to con- 
firm your calculations for the related problem. 


EXAMPLE 5-18 


Determine the voltages between the following points in the voltage divider of 
Figure 5—41: 


(a) AtoB (b) Ato C (c) BtoCc (d) BtoD (e) CtoD 


FIGURE 5-41 


Solution First, determine Rr. 


Ry = Ry + Ry + R3 = 1.0kO + 8.2kO + 3.3kO = 125kO | 
{ 


VottaGE Divipers * 141 


der formula to obtain each required voltage. 
e voltage drop across Rj. 

i 1.0k0 
=(- = 25V =2V 

. ai Ce ih ‘i 


s the combined voltage drop across both R, and R. In 
1 formula given in Equation 5—5 is Ry + Rp. 


Ry + | ( 9.2kO, ) 

——— ]V, = | —— — _]25V = 18.4V 
ee asa)” ~* 
om B to C is the voltage drop across Rp. 
n Ro 8.2k0, 
Vac = ( — )Vs = (=~ ]25 V = 16.4 V 
Vac (72) cE — a. 


3 to D is the combined voltage drop across both Ro and R3. In 
general formula is Rp + R3. 


: = (22%) - (as) s 
Vp -(2* fe asia | = BV 


: from C to D is the voltage drop across R3. 


ies 3.3kO 
Vop = | — Ws = [ ———— Jas v = 66 
<P Gc) s (3x) aw vi 


ge divider, you can verify each of the calculated voltages 
etween the appropriate points in each case. 


A Potentiometer as an Adjustable Voltage Divider 


Recall from Chapter 2 that a potentiometer is a variable resistor with three terminals. A po- 
tentiometer connected to a voltage source is shown in Figure 5—42(a) with the schematic 
shown in part (b). Notice that the two end terminals are labeled 1 and 2. The adjustable ter- 
minal or wiper is labeled 3. The potentiometer functions as a voltage divider, which can be 


| Potentiometer 


(a) Pictorial (b) Schematic (c) Equivalent schematic 


FIGURE 5-42 
The potentiometer used as a voltage divider. 
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illustrated by separating the total resistance into two parts, as shown in Figure 5—42(c). The 
resistance between terminal | and terminal 3 (R)3) is one part, and the resistance between 
terminal 3 and terminal 2 (R39) is the other part. So this potentiometer is equivalent to a 
two-resistor voltage divider that can be manually adjusted. 

Figure 5—43 shows what happens when the wiper contact (3) is moved. In part (a), the 
wiper is exactly centered, making the two resistances equal. If you measure the voltage 
across terminals 3 to 2 as indicated by the voltmeter symbol, you have one-half of the total 
source voltage. When the wiper is moved up, as in part (b), the resistance between termi- 
nals 3 and 2 increases, and the voltage across it increases proportionally. When the wiper is 
moved down, as in part (c), the resistance between terminals 3 and 2 decreases, and the 
voltage decreases proportionally. 


(a) (b) (c) 


& FIGURE 5-43 
Adjusting the voltage divider. 


Applications 


The volume control of radio or TV receivers is a common application of a potentiometer 
used as a voltage divider. Since the loudness of the sound is dependent on the amount of 
voltage associated with the audio signal, you can increase or decrease the volume by ad- 
justing the potentiometer, that is, by turning the knob of the volume control on the set. The 
block diagram in Figure 5—44 shows how a potentiometer can be used for volume control 
in a typical receiver. 


—— IF 5 Audio 
amplifier a 2 amplifier = 


Volume 
control 


4& FIGURE 5-44 
A variable voltage divider used for volume control in a radio receiver. 


Another application of a voltage divider is illustrated in Figure 5-45, which depicts a 
potentiometer voltage divider as a level sensor in a liquid storage tank. As shown in part (a), 
the float moves up as the tank is filled and moves down as the tank empties. The float is 
mechanically linked to the wiper arm of a potentiometer, as shown in part (b). The output 
voltage varies proportionally with the position of the wiper arm. As the liquid in the tank 
decreases, the sensor output voltage also decreases. The output voltage goes to the indica- 
tor circuitry, which controls a digital readout to show the amount of liquid in the tank. The 
schematic of this system is shown in part (c). 
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sensor 


A FIGURE 5-45 
A potentiometer voltage divider used in a level sensor. 


Still another application for voltage dividers is in setting the dc operating voltage (bias) 
in transistor amplifiers. Figure 5—46 shows a voltage divider used for this purpose. You will 
study transistor amplifiers and biasing in a later course, so it is important that you under- 
stand the basics of voltage dividers at this point. 

These examples are only three out of many possible applications of voltage dividers. 


“4 FIGURE 5-46 


The voltage divider used as a bias 
; circuit for a transistor amplifier, where 
Sa the voltage at the base of the transis- 
tor is determined by the voltage 
divider as Vpase = (Ro/(R, + R))Vs. 


—— Voltage 
Vs = divider 


series voltage-divider circuit? 


are connected across a 10 V source, how much 


istor are connected as a voltage divider. The 
it, and determine the voltage across each of 
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ble voltage divider. If the potentiometer is linear, 
to get 5 V from A to B and 5 V from B to C? 


A 


5-8 POWER IN SERIES CIRCUITS 


Equation 5-6 


EXAMPLE 5-19 


The power dissipated by each individual resistor in a series circuit contributes to the 
total power in the circuit. The individual powers are additive. 


After completing this section, you should be able to 
Determine power in a series circuit 


¢ Apply one of the power formulas 


The total amount of power in a Series resistive circuit is equal to the sum of the powers 
in each resistor in series. 


Py =P, + Pp + P3 + ae ap di 


where Py is the total power and P,, is the power in the last resistor in series. 

The power formulas that you learned in Chapter 4 are applicable to series circuits. Since 
there is the same current through each resistor in series, the following formulas are used to 
calculate the total power: 


Pr = Vol 

Pie 
V2 

Pr = = 
Rr 


where J is the current through the circuit, Vs is the total source voltage across the series 
connection, and Rr is the total resistance. 


Determine the total amount of power in the series circuit in Figure 5—48. 


FIGURE 5-48 


Solution 


Related Problem 
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The source voltage is 15 V. The total resistance is 
Ry = R; + Ro + R33 4+ Rg = 100 + 180 + 560 + 220 = 1060 
The easiest formula to use is Py = V%/R7 since you know both Vg and Rr. 


Poets vy 225" 
Rr 1062 1060 


Py = = 212W 


If you determine the power in each resistor separately and all of these powers are 


added, you obtain the same result. First, find the current. 


-. 
Rr 1062 


= 142mA 


Next, calculate the power for each resistor using P = I 2R, 
P, = PR, = (142mA)?(10 Q) = 200mWw 
Py = I?Ry = (142 mA)°(18 O) = 360 mW 
P3 = I7?R3 = (142 mA)*°(56 QD) = 1.12 W 
Py = PR, = (142 mA)*(22 Q) = 441 mW 
Then, add these powers to get the total power. 


Pr = P; + Pp + Py + Py = 200mW + 360mW + 1.12W + 441 mW = 2.12W 


This result compares to the total power as determined previously by the formula 
Py = Ve /Rr. 


What is the power in the circuit of Figure 5—48 if Vs is increased to 30 V? 
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The amount of power in a resistor is important because the power rating of the resistors 
must be high enough to handle the expected power in the circuit. The following example il- 
lustrates practical considerations relating to power in a series circuit. 


EXAMPLE 5-20 


Solution 


Determine if the indicated power rating (2 W) of each resistor in Figure 5—49 is suffi- 
cient to handle the actual power. If a rating is not adequate, specify the required mini- 


mum rating. 


FIGURE 5-49 


First, determine the total resistance 


Rr = Ry + Ro + Rz + Ry = 1.0kO + 2.7kO + 9100 + 3.3kO0 = 7.91k0 
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Next, calculate the current. 


Vs 120 
f= =——— = 15mA 
7k = 


Then calculate the power in each resistor. 
P, = PR, = (15mA)*(1.0kQ) = 225 mW 
Pp = I?R> = (15 mA)(2.7kQ) = 608 mW 
P; = I’R, = (15mA)*(910 Q) = 205 mW 
Py = PR, = (15 mAYB.3kQ) = 743 mW 
R> and R, do not have a rating sufficient to handle the actual power, which exceeds 


% W in each of these two resistors, and they may burn out if the switch is closed. These 
resistors should be replaced by 1 W resistors. 


Related Problem Determine the minimum power rating required for each resistor in Figure 5—49 if the 
source voltage is increased to 240 V. 


power in each resistor in a series circuit, how can you find the total 


Series circuit dissipate the following powers: 2 W, 5 W, 1 W, and 8 W. 
power in the circuit? 

2, a 330 ©, and a 680 © resistor in series. There is a current of 1A 
What is the total power? 


5-9 VOLTAGE MEASUREMENTS 


Voltage is relative. That is, the voltage at one point in a circuit is always measured rel- 
ative to another point. For example, if we say that there are +100 V at a certain point 
in a circuit, we mean that the point is 100 V more positive than some designated refer- 
ence point in the circuit. This reference point is called the ground or common point. 


After completing this section, you should be able to 
¢ Measure voltage with respect to ground 
¢ Determine and identify ground in a circuit 


¢ Define the term reference ground 


The concept of ground was introduced in Chapter 2. In most electronic equipment, a 
large conductive area on a printed circuit board or the metal housing is used as the 
reference ground or common, as illustrated in Figure 5—50. 

Reference ground has a potential of zero volts (0 V) with respect to all other points in the 
circuit that are referenced to it, as illustrated in Figure 5—51. In part (a), the negative side of 
the source is grounded, and all voltages indicated are positive with respect to ground. In part 
(b), the positive side of the source is ground. The voltages at all other points are therefore 
negative with respect to ground. Recall that all points shown grounded in a circuit are con- 
nected together through ground and are effectively the same point electrically. 
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i 


» FIGURE 5-50 
Simple illustration of ground in a circuit. 


-100V 


100 V 


+100 V 
+ — 
— 100V = 
il i 
Ground = aa 


(a) Negative ground (b) Positive ground 


4 FIGURE 5-51 
Example of negative and positive grounds. 


Measuring Voltages with Respect to Ground 


When you measure voltages with respect to the reference ground in a circuit, connect one 
meter lead to the reference ground, and the other to the point at which the voltage is to be 
measured. In a negative ground circuit, as illustrated in Figure 5—52, the negative meter ter- 
minal is connected to the reference ground. The positive terminal of the voltmeter is then 
connected to the positive voltage point. The meter reads the positive voltage at point A with 
respect to ground. 

For a circuit with a positive ground, the positive voltmeter lead is connected to refer- 
ence ground, and the negative lead is connected to the negative voltage point, as indi- 
cated in Figure 5—53. Here the meter reads the negative voltage at point A with respect to 
ground. 
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RLU 
Sa) 


A FIGURE 5-52 
Measuring a voltage with respect to negative ground. 


RLU 
py 


a FIGURE 5-53 
Measuring a voltage with respect to positive ground. 


When you must measure voltages at several points in a circuit, you can clip the ground 


lead to ground at one point in the circuit and leave it there. Then move the other lead from 
point to point as you measure the voltages. This method is illustrated pictorially in Figure 
5-54 and in equivalent schematic form in Figure 5—55. 
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4 FIGURE 5-54 
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Measuring voltages at several points in a circuit with respect to ground. 


VOLTAGE MEASUREMENTS 


ANTE, antl zz,, 
eats j 


(a) (b) (c) 
4 FIGURE 5-55 


Equivalent schematics for Figure 5—54. 


Measuring Voltage Across an Ungrounded Resistor 


Voltage can normally be measured across a resistor, as shown in Figure 5—56, even though 
neither side of the resistor is connected to ground. If the measuring instrument is not 
isolated from power line ground, the negative lead of the meter will ground one side of the 
resistor and alter the operation of the circuit. In this situation, another method must be used, 
as illustrated in Figure 5-57. The voltages on each side of the resistor are measured with 
respect to ground. The difference of these two measurements is the voltage drop across the 
resistor. 


+ 
‘LI 


Measuring voltage across a resistor. 


4 FIGURE 5-56 


R 


» FIGURE 5-57 


Measuring voltage across Rz with two separate measurements to ground. Note V, — Vg can be 
expressed aS Vaz, where the second subscript letter, B, is the reference. 
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EXAMPLE 5-21 Determine the voltages with respect to ground of each of the indicated points in each 
circuit of Figure 5-58. Assume that 25 V are dropped across each resistor. 


FIGURE 5-58 


Solution In circuit (a), the voltage polarities are as shown. Point E is ground. Single-letter sub- 
scripts denote voltage at a point with respect to ground. The voltages with respect to 
ground are as follows: 


Ve=0V, Vp = +25V, Vo= +50V, Vg = +75V, V4 = +100V 


In circuit (b), the voltage polarities are as shown. Point D is ground. The voltages 
with respect to ground are as follows: 


Vp = —29)V., Vp = OV, Vco= +25V, Vz = +50 V, Va = +75 V 


In circuit (c), the voltage polarities are as shown. Point C is ground. The voltages 
with respect to ground are as follows: 


Ve = —50V, Vp = —25V, Vo=OV, Vg= +25V, Vy = +50V 
Related Problem  {f the ground is at point A in the circuit in Figure 5—58, what are the voltages at each 
of the points with respect to ground? 


Use Multisim file EO5-21 to verify the calculated results in this example and to con- 
firm your calculation for the related problem. 


reference point in a circuit called? 
circuit are generally referenced with respect to ground. (1 or F) 
or chassis is often used as reference ground, (T or F) 


Open resistors or contacts and one point shorted to another are common problems in 
all circuits including series circuits. 


After completing this section, you should be able to 
¢ Troubleshoot series circuits 
¢ Check for an open circuit 


@ Check for a short circuit 


¢ Identify primary causes of opens and shorts 
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Open Circuit 


The most common failure in a series circuit is an open. For example, when a resistor or a 
lamp burns out, it causes a break in the current path and creates an open circuit, as 
illustrated in Figure 5—59. 


An open in a series circuit prevents current. 


Open filament 


ra 
os 


(a) A complete series circuit has current. (b) An open series circuit has no current. 


A FIGURE 5-59 
Current ceases when an open occurs. 


Troubleshooting an Open In Chapter 3, you were introduced to the analysis, planning, and 
measurement (APM) approach to troubleshooting. You also learned about the half-splitting 
method and saw an example using an ohmmeter. Now, the same principles will be applied us- 
ing voltage measurements instead of resistance measurements. As you know, voltage meas- 
urements are generally the easiest to make because you do not have to disconnect anything. 

As a beginning step, prior to analysis, it is a good idea to make a visual check of the 
faulty circuit. Occasionally, you can find a charred resistor, a broken lamp filament, a loose 
wire, or a loose connection this way. However, it is possible (and probably more common) 
for a resistor or other component to open without showing visible signs of damage. When 
a visual check reveals nothing, then proceed with the APM approach. 

When an open occurs in a series circuit, all of the source voltage appears across the 
open. The reason for this is that the open condition prevents current through the series 
circuit. With no current, there can be no voltage drop across any of the other resistors 
(or other component). Since JR = (0 A)R = OV, the voltage on each end of a good resis- 
tor is the same. Therefore, the voltage applied across a series string also appears across the 
open component because there are no other voltage drops in the circuit, as illustrated in 
Figure 5—60. The source voltage will appear across the open resistor in accordance with 
Kirchhoff’s voltage law as follows: 


Vg = Vi + Vo + V3 + V4 + V5 4+ Ve 


V4 = Vs Vi V2 V3 Vs V6 
=10V —0V >0V [OV —0V OV 


Vs = 10V 


Y= 


R, Ry R,; 10V OV R; Re 


4 FIGURE 5-60 


The source voltage appears across the open series resistor 
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Example of Half-Splitting Using Voltage Measurements Suppose a circuit has four 
resistors in series. You have determined by analyzing the symptoms (there is voltage but no 
current) that one of the resistors is open, and you are planning to find the open resistor us- 
ing a voltmeter for measuring by the half-splitting method. A sequence of measurements 
for this particular case is illustrated in Figure 5-61. 


Step 1. Measure across R, and R> (the left half of the circuit). A 0 V reading indicates 
that neither of these resistors is open. 


Step 2. Move meter to measure across R3 and Ry; the reading is 10 V. This indicates 
there is an open in the right half of the circuit, so either R3 or Ry is the faulty 
resistor (assume no bad connections). 


Step 3. Move the meter to measure across R3. A measurement of 10 V across R3 iden- 
tifies it as the open resistor. If you had measured across Ry, it would have indi- 
cated 0 V. This would have also identified R3 as the faulty component because 
it would have been the only one left that could have 10 V across it. 


Step 2 


» FIGURE 5-61 
Troubleshooting a series circuit for an open using half-splitting. 


Short Circuit 


Sometimes an unwanted short circuit occurs when two conductors touch or a foreign object 
such as solder or a wire clipping accidentally connects two sections of a circuit together. 
This situation is particularly common in circuits with a high component density. Several 
potential causes of short circuits are illustrated on the PC board in Figure 5-62. 


» FIGURE 5-62 Wire 
Examples of shorts on a PC board. cen 


Shorted 
leads 


es 
Solder splash 
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When there is a short, a portion of the series resistance is bypassed (all of the current 
goes through the short), thus reducing the total resistance as illustrated in Figure 5—63 
Notice that the current increases as a result of the short. 


A short in a series circuit causes more current than normal 


<@ FIGURE 5-63 


(00a 
series circuit. 
100 
180 
a 
100vV => 
33.0 
39 
_ 100V _ 
~ 100.0 _- 
(a) Before short (b) After short 


Troubleshooting a Short A short is very difficult to troubleshoot. As in any trou- 
bleshooting situation, it is a good idea to make a visual check of the faulty circuit. In the 
case of a short in the circuit, a wire clipping, solder splash, or touching leads is often found 
to be the culprit. In terms of component failure, shorts are less common than opens in many 
types of components. Furthermore, a short in one part of a circuit can cause overheating in 
another part due to the higher current caused by the short. As a result two failures, an open 
and a short, may occur together. 

When a short occurs in a series circuit, there is essentially no voltage across the shorted 
part. A short has zero or near zero resistance, although shorts with significant resistance 
values can occur from time to time. These are called resistive shorts. For purposes of illus- 
tration, zero resistance is assumed for all shorts. 

In order to troubleshoot a short, measure the voltage across each resistor until you get a 
reading of 0 V. This is the straightforward approach and does not use half-splitting. In order 
to apply the half-splitting method, you must know the correct voltage at each point in the 
circuit and compare it to measured voltages. Example 5—22 illustrates using half-splitting to 
find a short. 
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Example of the effect of a short ina 


FIGURE 5-64 


Series circuit (without a short) 
with correct voltages indicated. 


+O Ve 


EXAMPLE 5-22 Assume you have determined that there is a short in a circuit with four series resistors 
because the current is higher than it should be. You know that the voltage at each point in the 
circuit should be as shown in Figure 5—64 if the circuit is working properly. The voltages are 
shown relative to the negative terminal of the source. Find the Jocation of the short 
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Solution Use the half-splitting method to troubleshoot the short. 


Step 1: Measure across R; and Rj. The meter shows a reading of 6.67 V, which is 
higher than the normal voltage (it should be 5 V). Look for a voltage that is 
lower than normal because a short will make the voltage less across that part of 
the circuit. 

Step 2: Move the meter and measure across R3 and Ry; the reading of 3.33 V is incor- 
rect and lower than normal (it should be 5 V). This shows that the short is in the 
right half of the circuit and that either R3 or Ry is shorted. 

Step 3: Again move the meter and measure across R3. A reading of 3.3 V across R3 
tells you that R, is shorted because it must have 0 V across it. Figure 5—65 
illustrates this troubleshooting technique. 


= 1 = 


FIGURE 5-65 
Troubleshooting a series circuit for a short using half-splitting. 


Related Problem Assume that R, is shorted in Figure 5—65. What would the Step 1 measurement be? 


a series circuit opens? 

ways in which an open circuit can occur in practice. What may 
it to occur? 
it will normally fail open. _(T or F) 


acrOss a string of series resistors is 24 V. If one of the resistors is 
oltage is there across it? How much is there across each of the good 


For this application, you have a voltage- 


divider circuit board to evaluate and 

modify if necessary. You will use it to 

obtain five different voltage levels from 
a 12 V battery that has a 6.5 Ah rating. The voltage divider pro- 
vides positive reference voltages to an electronic circuit in an ana- 
log-to-digital converter. Your job is to check the circuit to see if it 
provides the following voltages within a tolerance of + 5% with 


respect to the negative side of the battery: 10.4 V, 8.0 V, 7.3 V, 6.0 V, 
and 2.7 V. If the existing circuit does not provide the specified volt- : 


ages, you will modify it so that it does. Also, you must make sure 

that the power ratings of the resistors are adequate for the applica- 
tion and determine how long the battery will last with the voltage 

divider connected to it. 


The Schematic of the Circuit 


@ Use Figure 5—66 to determine the resistor values and draw 


the schematic of the voltage-divider circuit. All the resistors 
on the board are “4 W. 


» FIGURE 5-66 


The Voltages 


@ Determine the voltage at each pin on the circuit board with 
respect to the negative side of the battery when the positive 


side of the 12 V battery is connected to pin 3 and the negative 


side is connected to pin 1. Compare the existing voltages to 
the following specifications: 


Pin 1: negative terminal of 12 V battery 
Pin 2:2.7V + 5% 


A Circuit APPLICATION @ 


Pin 3: positive terminal of 12 V battery 
Pin 4: 10.4V + 5% 

Pin 5: 8.0V + 5% 

Pin 6:7.3V + 5% 

Pin7:6.0V + 5% 


If the output voltages of the existing circuit are not the same 


ae 


ae 


at 


as those stated in the specifications, make the necessary 
changes in the circuit to meet the specifications. Draw a 
schematic of the modified circuit showing resistor values and 
adequate power ratings. 


i The Battery 
@ Find the total current drawn from the 12 V battery when the 


voltage-divider circuit is connected and determine how many 
days the 6.5 Ah battery will last. 


: A Test Procedure 


@ Determine how you would test the voltage-divider circuit 
board and what instruments you would use. Then detail your 
test procedure in a step-by-step format. 


Troubleshooting 
@ Determine the most likely fault for each of the following 


cases. Voltages are with respect to the negative battery termi- 
nal (pin | on the circuit board). 


1. No voltage at any of the pins on the circuit board 
2. 12V at pins 3 and 4. All other pins have 0 V. 

3. 12 V at all pins except 0 V at pin 1 

4. 12 V at pin 6 and OV at pin7 

5. 3.3 V at pin 2 


Review 
1. What is the total power dissipated by the voltage-divider cir- 
; cuit in Figure 5—66 with a 12 V battery? 


. What are the output voltages from the voltage divider if the 
positive terminal of a 6 V battery is connected to pin 3 and 
the negative terminal to pin 1? 


. When the voltage-divider board is connected to the electronic 
circuit to which it is providing positive reference voltages, 
which pin on the board should be connected to the ground of 
the electronic circuit? 
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SERIES CIRCUITS 


® The current is the same at all points in a series circuit. 


* The total series resistance is the sum of all resistors in the series circuit. 
® The total resistance between any two points in a series circuit is equal to the sum of all resistors 
connected in series between those two points. 


© If all of the resistors in a series circuit are of equal value, the total resistance is the number of 
resistors multiplied by the resistance value of one resistor 

® Voltage sources in series add algebraically. 

® Kirchhoff’s voltage law: The sum of all the voltage drops around a single closed path mm a circuit 
is equal to the total source voltage in that loop. 

® Kirchhoff’s voltage law: The algebraic sum of all the voltages (both source and drops) around a 
single closed path is zero. 

® The voltage drops in a circuit are always opposite in polarity to the total source voltage. 

® Conventional current is defined to be out of the positive side of a source and into the negative side. 

® Conventional current is defined to be into the positive side of each resistor and out of the more 
negative (less positive) side. 


® A voltage drop results from a decrease in energy level across a resistor. 


¢ 


A voltage divider is a series arrangement of resistors connected to a voltage source. 


® A voltage divider is so named because the voltage drop across any resistor in the series circuit is 
divided down from the total voltage by an amount proportional to that resistance value in relation 
to the total resistance. 


® A potentiometer can be used as an adjustable voltage divider. 

® The total power in a resistive circuit is the sum of all the individual powers of the resistors mak- 
ing up the series circuit. 

Ground (common) is zero volts with respect to all points referenced to it in the circuit. 

Negative ground is the term used when the negative side of the source is grounded. 

Positive ground is the term used when the positive side of the source is grounded. 

The voltage across an open component always equals the source voltage. 


¢¢¢ + ¢ 


The voltage across a shorted component is always 0 V. 


These key terms are also in the end-of-book glossary. 


Kirchhoff’s voltage law _A law stating that (1) the sum of the voltage drops around a single closed 
path equals the source voltage in that loop or (2) the algebraic sum of all the voltages (drops and 
source) around a single closed path is zero. 


Open A circuit condition in which the current path is broken. 


Reference ground A method of grounding whereby the metal chassis that houses the assembly or 
a large conductive area on a printed circuit board is used as the common or reference point. 

Series In an electric circuit, a relationship of components in which the components are connected 
such that they provide a single current path between two points. 


Short A circuit condition in which there is a zero or abnormally low resistance path between two 
points; usually an inadvertent condition. 


Voltage divider A circuit consisting of series resistors across which one or more output voltages 
are taken. 


5-1] Ry = R, + R, + R3 + --- + R,, Total resistance of n resistors in series 


52 Ry = mR Total resistance of n equal-value resistors in series 
§-3 Vs = V; + V2 + V3 + +--+ -V,  Kirchhoff’s voltage law 
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54 Vs — Vy — V2 — V3 — --- — V, = 90 ~~ Kirchhoff’s voltage law stated another way 
R 
55 V,= (= vs Voltage-divider formula 
T 
5-6 Py = Pi + P2 + P3+--- +P, Total power 


t the end of the chapter. 


1. Five equal-value resistors are connected in series and there is a current of 2 mA into the first 
resistor. The amount of current out of the second resistor is 


(a) equal to 2 mA (b) less than 2 mA (c) greater than 2mA 


2. To measure the current out of the third resistor in a circuit consisting of four series resistors, an 
ammeter can be placed 


(a) between the third and fourth resistors (b) between the second and third resistors 
(c) at the positive terminal of the source (d) at any point in the circuit 
3. When a third resistor is connected in series with two series resistors, the total resistance 
(a) remains the same (b) increases 
(c) decreases (d) increases by one-third 
4. When one of four series resistors is removed from a circuit and the circuit reconnected, the current 
(a) decreases by the amount of current through the removed resistor 
(b) decreases by one-fourth 
(c) quadruples 
(d) increases 


5. A series circuit consists of three resistors with values of 100 2, 220 ©, and 330 2. The total 
resistance is 


(a) less than 100 0 (b) the average of the values (c) 5500 (d) 6500 


6. A 9 V battery is connected across a series combination of 68 0, 33 ©, 100 ©, and 47 2€ resis- 
tors. The amount of current is 


(a) 36.3 mA (b) 27.6A (c) 22.3mA (d) 363 mA 


7. While putting four 1.5 V batteries in a flashlight, you accidentally put one of them in back- 
ward. The voltage across the bulb will be 


(a) 6V (b) 3V (c) 4.5 V (d) OV 


8. If you measure all the voltage drops and the source voltage in a series circuit and add them 
together, taking into consideration the polarities, you will get a result equal to 


(a) the source voltage (b) the total of the voltage drops 
(c) zero (d) the total of the source voltage and the voltage drops 


9. There are six resistors in a given series circuit and each resistor has 5 V dropped across it. The 
source voltage is 


(a) 5V (b) 30V 
(c) dependent on the resistor values (d) dependent on the current 


10. A series circuit consists of a 4.7 kOQ, a5.6kQ, and a 10 kO resistor. The resistor that has the 
most voltage across it is 


(a) the 4.7kO (b) the 5.6k0 
(c) the 10k0D (d) impossible to determine from the given information 


11. Which of the following series combinations dissipates the most power when connected across a 
100 V source? 


(a) One 100 2 resistor (b) Two 100 2 resistors 
(c) Three 100 C resistors (d) Four 100 2 resistors 


12. The total power in a certain circuit is 1 W. Each of the five equal-value series resistors making 
up the circuit dissipates 


(a) 1W (b) SW (c) OSW = (d) 0.2W 
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13. When you connect an ammeter in a series-resistive circuit and turn on the source voltage, the 
meter reads zero. You should check for 


(a) a broken wire (b) a shorted resistor 
(c) an open resistor (d) answers (a) and (c) 


14. While checking out a series-resistive circuit, you find that the current is higher than it should 
be. You should look for 


(a) an open circuit (b) a short (c) a low resistor value (d) answers (b) and (c) 


Answers are at the end of the chapter. 


Refer to Figure 5-70. 
1. If the current shown by one of the milliammeters increases, the current shown by the other two 
(a) increases (b) decreases (c) stays the same 
2. If the source voltage decreases, the current indicated by each milliammeter 
(a) increases (b) decreases (c) stays the same 


3. If the current through R, increases as a result of R, being replaced by a different resistor, the 
current indicated by each milliammeter 


(a) increases (b) decreases (c) stays the same 
Refer to Figure 5—73. 


4. With a 10 V voltage source connected between points A and B, when the switches are thrown 
from position 1 to position 2, the total current from the source 


(a) increases (b) decreases (c) stays the same 

5. For the conditions described in Question 4, the current through R3 
(a) increases (b) decreases (c) stays the same 

6. When the switches are in position 1 and a short develops across R3, the current through Rz 
(a) increases (b) decreases (c) stays the same 

7. When the switches are in position 2 and a short develops across R3, the current through Rs 
(a) increases (b) decreases (c) stays the same 


Refer to Figure 5-77. 
8. If the switch is thrown from position A to position B, the ammeter reading 
(a) increases (b) decreases (c) stays the same 
9. If the switch is thrown from position B to position C, the voltage across R4 
(a) increases (b) decreases (c) stays the same 
10. If the switch is thrown from position C to position D, the current through R3 


(a) increases (b) decreases (c) stays the same 


Refer to Figure 5—84(b). 
11. If R; is changed to 1.2 kQ, the voltage from A to B 
(a) increases (b) decreases (c) stays the same 
12. If Ro and R; are interchanged, the voltage from A to B 
(a) increases (b) decreases (c) stays the same 
13. If the source voltage increases from 8 V to 10 V, the voltage from A to B 


(a) increases (b) decreases (c) stays the same 


Refer to Figure 5-91. 
14. If the 9 V source is reduced to 5 V, the current in the circuit 
(a) increases (b) decreases (c) stays the same 
15. If the 9 V source is reversed, the voltage at point B with respect to ground 


(a) increases (b) decreases (c) stays the same 
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More difficult problems are indicated by an asterisk (‘). 
Answers to odd-numbered problems are at the end of the book. 


SECTION 5-1 _ Resistors in Series 
1. Connect each set of resistors in Figure 5—67 in series between points A and B. 


» FIGURE 5-67 R 


— 


(a) (b) (©) 


2. Determine which resistors in Figure 5—68 are in series Show how to interconnect the pins to 
put all the resistors in series. 


> FIGURE 5-68 


Wn BONE 


3. Determine the nominal resistance between pins land 8 in the circuit board in Figure 5—68. 
4. Determine the nominal resistance between pins 2 and 3 in the circuit board in Figure 5—68. 


§. On the double-sided PC board in Figure 5—69, identify each group of series resistors. Note that 
many of the interconnections feed through the board from the top side to the bottom side. 


» FIGURE 5-69 
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SECTION 5-2 Current ina Series Circuit 


6. What is the current through each resistor in a series circuit if the total voltage is 12 V and the 
total resistance is 120 0? 


7. The current from the source in Figure 5—70 is 5 mA. How much current does each milliamme- 
ter in the circuit indicate? 


®» FIGURE 5-70 


8. Show how to connect a voltage source and an ammeter to the PC board in Figure 5—68 to 
measure the current in R;. Which other resistor currents are measured by this setup? 


*9. Using 1.5 V batteries, a switch, and three lamps, devise a circuit to apply 4.5 V across either one 
lamp, two lamps in series, or three lamps in series with a single-control switch. Draw the 
schematic. 


SECTION 5-3 Total Series Resistance 


10. The following resistors (one each) are connected in a series circuit: 1.00, 2.2 0, 5.60, 12 0, 
and 22 2. Determine the total resistance. 


11. Find the total resistance of each of the following groups of series resistors: 
(a) 560 © and 1000 0 (b) 47.0 and 560 
(c) 1.5kQ, 2.2kQ, and 10kO (d) LOMO, 470kQ, 1.0k0, 2.2MQ 
12. Calculate Ry for each circuit of Figure 5-71. 


, LOkO 4.79 10a 1.0MQ, 560k0 


5.6 kQO. 
= 20 680 kO 


5.6 MQ 


2.2 kO 1.09 10 MQ. 
(a) (b) (c) 


4 FIGURE 5-71 


13. What is the total resistance of twelve 5.6 kQ resistors in series? 


14. Six 56 © resistors, eight 100 © resistors, and two 22 C resistors are all connected in series 
What is the total resistance? 


15. If the total resistance in Figure 5—72 is 17.4 kQ, what is the value of Rs? 


» FIGURE 5-72 R RS 


5.6kQ 1.0kO 


R, 


2.2kO 


Rs R, 


u 4.7kQ 
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*16. You have the following resistor values available to you in the lab in unlimited quantities: 10 0, 
100 ©, 470 ©, 560 ©, 680 ©, 1.0k0, 2.2kQ, and 5.6kQ. All of the other standard values are 
out of stock. A project that you are working on requires an 18 kQ, resistance. What combina- 
tions of the available values would you use in series to achieve this total resistance? 


17. Find the total resistance in Figure 5—71 if all three circuits are connected in series. 


18. What is the total resistance from A to B for each switch position in Figure 5—73? 


® FIGURE 5-73 


680 0 
SECTION 5-4 Application of Ohm’s Law 


19. What is the current in each circuit of Figure 5-74? 


2.2kO 
5.6 kO. 


1.0kQ 


(a) 
» FIGURE 5-74 


20. Determine the voltage drop across each resistor in Figure 5—74. 
21. Three 470 © resistors are connected in series with a 48 V source. 
(a) What is the current is in the circuit? 
(b) What is the voltage across each resistor? 
(c) What is the minimum power rating of the resistors? 


22. Four equal-value resistors are in series with a 5 V battery, and 2.23 mA are measured. What is 
the value of each resistor? 


23. What is the value of each resistor in Figure 5—75? 
24. Determine Vp, Rp, and R3 in Figure 5—76. 


» FIGURE 5-75 A FIGURE 5-76 
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25. For the circuit in Figure 5-77 the meter reads 7.84 mA when the switch is in position A 
(a) What is the resistance of R,? 
(b) What should be the meter reading for switch positions B, C, and D? 
(c) Will a'4A fuse blow in any position of the switch? 


26. Determine the current measured by the meter in Figure 5—78 for each position of the ganged 
switch. 


or 


22 kO 27kO 


» FIGURE 5-77 » FIGURE 5-78 


SECTION 5-5 Voltage Sources in Series 


27. Series aiding is a term sometimes used to describe voltage sources of the same polarity in 
series. If a5 V and a9 V source are connected in this manner, what is the total voltage? 


28. The term series opposing means that sources are in series with opposite polarities. If a 12 V 
and a 3 V battery are series opposing, what is the total voltage? 


29. Determine the total source voltage in each circuit of Figure 5-79. 


SV 50 V 25V 


“fi 


(a) (b) (c) 


A FIGURE 5-79 


SECTION 5-6 _ Kirchhoff’s Voltage Law 


30. The following voltage drops are measured across three resistors in series: 5.5 V, 8.2 V, and 12.3 V. 
What is the value of the source voltage to which these resistors are connected? 


31. Five resistors are in series with a 20 V source. The voltage drops across four of the resistors are 
1.5 V, 5.5 V, 3 V, and 6 V. How much voltage is dropped across the fifth resistor? 


32. Determine the unspecified voltage drop(s) in each circuit of Figure S—80. Show how to connect 
a voltmeter to measure each unknown voltage drop. 
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ear — \ ia 2R 
+ 
3R 
(a) (b) 
» FIGURE 5-80 
33. In the circuit of Figure S—81, determine the resistance of Ry 
34. Find Rj, Ro, and R3 in Figure 5-82. 
5.6V 
+ 
r Py = 22mW 


— 10mA 


» FIGURE 5-81 A FIGURE 5-82 


35. Determine the voltage across Rs for each position of the switch in Figure 5-83. The current in 
each position is as follows: A, 3.35 mA; B, 3.73 mA; C, 4.50 mA; D, 6.00 mA. 

36. Using the result of Problem 35, determine the voltage across each resistor in Figure 5-83 for 
each switch position. 


L.0kO 560 2. 


8200. 


Rs 


» FIGURE 5-83 


SECTION 5-7 Voltage Dividers 


*37. The total resistance of a circuit is 560 . What percentage of the total voltage appears across a 
27 Q. resistor that makes up part of the total series resistance? 
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» FIGURE 5-84 


38. Determine the voltage between points A and B in each voltage divider of Figure 5-84. 
39. Determine the voltage with respect to ground for output A, B, and C in Figure 5-85(a). 
40. Determine the minimum and maximum voltage from the voltage divider in Figure 5-85(b) 


*41. What is the voltage across each resistor in Figure 5-86? R is the lowest-value resistor, and all 
others are multiples of that value as indicated. 


GND 


(b) 


» FIGURE 5-85 » FIGURE 5-86 


42. Determine the voltage at each point in Figure 5-87 with respect to the negative side of the 
battery. 


43. If there are 10 V across R, in Figure 5-88, what is the voltage across each of the other 
Tesistors? 


*44, With the table of standard resistor values given in Appendix A, design a voltage divider to pro- 
vide the following approximate voltages with respect to ground using a 30 V source: 8.18 V, 


22 kO. 


» FIGURE 5-87 & FIGURE 5-88 
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14.7 V, and 24.6 V. The current drain on the source must be limited to no more than 1 mA. The 
number of resistors, their values, and their wattage ratings must be specified. A schematic 
showing the circuit arrangement and resistor placement must be provided. 


*45. Design a variable voltage divider to provide an output voltage adjustable from a minimum of 
10 V to a maximum of 100 V within + 1% using a 1 to 120 V source. The maximum voltage 
must occur at the maximum resistance setting of the potentiometer, and the minimum voltage 
must occur at the minimum resistance (zero) setting. The current is to be 10 mA, 


SECTION 5-8 Power in Series Circuits 
46. Five series resistors each handle 50 mW. What is the total power? 
47. What is the total power in the circuit in Figure S—88? Use the results of Problem 43. 


48. The following % W resistors are in series: 1.2kQ, 2.2 kQ, 3.9kQ, and 5.6kQ. What is the 
maximum voltage that can be applied across the series resistors without exceeding a power rat- 
ing? Which resistor will burn out first if excessive voltage is applied? 

49. Find Ry in Figure 5-89. 


50. A certain series circuit consists of a '% W resistor, a % W resistor and a ‘4 W resistor. The total 
resistance is 2400 ©. If each of the resistors is operating in the circuit at its maximum power 
dissipation, determine the following: 


(a) J (b) Vy (c) The value of each resistor 


» FIGURE 5-89 12V 


SECTION 5-9 Voltage Measurements 
51. Determine the voltage at each point with respect to ground in Figure 5S—90. 


52. In Figure 5—91, how would you determine the voltage across R2 by measuring, without 
connecting a meter directly across the resistor? 


53. Determine the voltage at each point with respect to ground in Figure 5-91. 


1.0MQ 


100 kO. 


560 kD. 


« FIGURE 5—90 » FIGURE 5-91 


SECTION 5-10 Troubleshooting 


54. A string of five series resistors is connected across a 12 V battery Zero volts is measured 
across all of the resistors except Ry. What is wrong with the circuit? What voltage will be 
measured across Rj? 
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>» FIGURE 5-92 


55. By observing the meters in Figure 5-92, determine the types of failures in the circuits and 
which components have failed. 


56. What current would you measure in Figure S—91(b) if only Ry were shorted? 


*57. Table 5—1 shows the results of resistance measurements on the PC board in Figure 5—93. Are 
these results correct? If not, identify the possible problems. 


>» TABLE 5-1 
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(ey es} 21 
Bottom 


4& FIGURE 5-93 


*58. You measure 15 kQ between pins 5 and 6 on the PC board in Figure 5-93. Does this indicate a 
problem? If so, identify it. 


#59 


In checking out the PC board in Figure 5—93, you measure 17.83 kO between pins | and 2. 
Also, you measure 13.6 kQ. between pins 2 and 4. Does this indicate a problem on the PC 
board? If so, identify the fault. 

The three groups of series resistors on the PC board in Figure 5-93 are connected in series with 
each other to form a single series circuit by connecting pin 2 to pin 4 and pin 3 to pin 5. A volt- 
age source is connected across pins | and 6 and an ammeter is placed in series. As you increase 
the source voltage, you observe the corresponding increase in current. Suddenly, the current 
drops to zero and you smell smoke. All resistors are 2 W. 

(a) What has happened? 

(b) Specifically, what must you do to fix the problem? 


*60 


(c) At what voltage did the failure occur? 


Multisim Troubleshooting and Analysis 
— These problems require your Multisim CD-ROM. 
61. Open file PO5-61 and measure the total series resistance. 
62. Open file PO5-62 and determine by measurement if there is an open resistor and, if so, which one. 
63. Open file PO0S-63 and determine the unspecified resistance value. 
64. Open file POS-64 and determine the unspecified source voltage. 


65. Open file P0S-65 and find the shorted resistor if there is one 


SECTION REVIEWS 


SECTION 5-1 _ Resistors in Series 


1. Series resistors are connected end-to-end in a “string” with each lead of a given resistor con- 
nected to a different resistor. 


2. There is a single current path in a series circuit. 
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A A A 
Ry Rs Rg 
Ry Ry Ro 
R Re 
B B B 


(a) (b) (¢) 


» FIGURE 5-94 


» FIGURE 5-95 


3. See Figure 5-94. 
4. See Figure 5-95. 


SECTION 5-2 Current in a Series Circuit 
1L7I=1A 
2. The milliammeter measures 50 mA between C and D and 50 mA between E and F- 
3. I= 100 V/56 Q = 1.79 A; 1.79A 
4. Ina series circuit, current is the same at al points. 


SECTION 5-3 Total Series Resistance 
L. Rp = 1004 22043304470 = 120 
Ry = 1000 + 2(56 9) + 4412 9) + 3300 = 5900 
Rs = 13.8kQ — (10kQ + 2.7kO + 5.6k0 + 5600) = 3.94k0, 
Ry = 12(56 2) = 672.0 
» Ry = 20(5.6kQ) + 30(8.2kQ) = 358k0 


ve ww 


SECTION 5-4 Application of Ohm’s Law 
1. 7 = 10 V/3000 = 33.3mA 
2. Vs = (50 mA)(21.2 OQ) = 1.06 V 


3. V, = (60 mA)(10 O) = 0.5 V; Vz = (50 mA)(5.6 1) = 0.28 V; 
V3 = (50 mA)(5.6 Q) = 0.28 V 


4. R= 'A(5 V/4.63 mA) = 2700 


SECTION 5-5 Voltage Sources in Series 
L. Vr = 4(1.5 V) = 6.0V 
2. 60 V/12 V = 5; see Figure 5-96. 


12V 12V 1I2V 12V 12V 
Ah Ik kt 
= 60 V Set 


4 FIGURE 5-96 


ANsweRsS @ 169 


3. See Figure 5-97. 
4. (a) Vsaon = 100V + SOV —75V=75V 

(b)  Vsaorn = 20V + 10V —- 10V—-—S5SV=15V 
§. See Figure 5—98. 


(b) 


» FIGURE 5-97 » FIGURE 5-98 


SECTION 5-6 _ Kirchhoff’s Voltage Law 


1. (a) Kirchhoff’s law states the algebraic sum of the voltages around a closed path is zero; 
(b) Kirchhoff’s law states the sum of the voltage drops equals the total source voltage. 

2. Vr = Vs = 50V 

3.V,=V,2=5V 

4. V3 =25V —-10V-SV=10V 

V5 =1V4+3V+5V+8V+7V=24V 


w 


Il 


SECTION 5-7 Voltage Dividers 


1. A voltage divider is a circuit with two or more series resistors in which the voltage taken across 
any resistor or combination of resistors is proportional to the value of that resistance 

2. Two or more resistors form a voltage divider. 

3. V, = (R,/Ry)Vs 

4. Ve = 10V/2=5V 


5. Vaz = (47kO/129 kQ)100 V = 36.4 V; Ven = (82kN/129 kQ)100 V = 63.6 V; see 
Figure 5-99. 


6. Set the wiper at the midpoint. 


» FIGURE 5-99 


47kO 


T KO 


+ 
100 Vv —=.. 


SECTION 5-8 Power in Series Circuits 
1. Add the power in each resistor to get total power. 
2. Pp =2W+5W+1W+8W = 16W 
3. Py = (LA)*(1110 9) = 1110 W 


SECTION 5-9 Voltage Measurements 


1. The reference point in a circuit is called ground or common. 
2. True 
3. True 
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SECTION 5-10 Troubleshooting 
1. A short is a zero resistance path that bypasses a portion of a circuit. 
2. An open is a break in the current path. 
3. When a circuit opens, current ceases. 


4. An open can be created by a switch or by a component failure. A short can be created by a 
switch or, unintentionally, by a wire clipping or solder splash 


§. True, a resistor normally fails open. 
6. 24 V across the open R; 0 V across the other Rs 


A Circuit Application 

1. Py = (12 V)7/16.6kO = 8.67mW 

2. Pin 2: 1.41 V; Pin 6: 3.65 V; Pin 5: 4.01 V; Pin 4: 5.20 V; Pin 7: 3.11 V 
3. Pin 3 connects to ground. 


RELATED PROBLEMS FOR EXAMPLES 


5-1 (a) See Figure 5—100. 
(b) Ry = 1.0k0, Rp = 33 KO, R3 = 39kO, Ry = 4700, Rs = 22k0 


» FIGURE 5-100 


Be = Or Tie 


5—2 All resistors on the board are in series. 

5-3 2580 

54 12.1k0 

5-5 68k 

5-6 44400 

5-7 114mA 

5-8 7.8V 

5-9 V, = 1V, V2 = 3.3V, V3 = 2.2V; Vs = 6.5 V; Vocmaxy = 32.5 V 
5-10 Use an ohmmeter. 

§-1112V 

§-122V 

5-13 10 V and 20 V; Vase = Vs = 30 V; Vey = Vrn = OV 
5-14 47V 


5-15 593 ©. This is most likely a 560 © resistor because 593 2. is within a standard tolerance 
(+10%) of 560 2. 


5-16 V, = 3.57V; V2 = 6.43V 

5-17 V, = Vo = V3 = 3.33V 

5-18 Van = 4V: Vac = 36.8V; Vac = 32.8 V: Vap = 46 V: Vep = 13.2V 
5-19 8.49 W 
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5-20 P, = 0.92 W(1 W); P2 = 2.49 W (5 W); Pz = 0.838 W(1 W); Py = 3.04 W(5 W) 
5-21 Vs = OV; Vp = —25V; Ve = ~—50 V; Vp = —75 V; Ve = —100V 
5-22 3.33V 


SELF-TEST 
1. (a) 2. (a) 3. (b) 4. (d) 5. (d) 6. (a) 7b) 8c) 
9() 10¢ Wa 2@ 2B3@ 14@ 


CIRCUIT DYNAMICS QUIZ 

1. (a) 2. (b) 3. (a) 4. (b) 5. (b) 6. (c) 
7. (a) 8. (a) 9. (a) 10. (b) 11. (b) 12. (c) 
13. (a) 14. (a) 15. (b) 


Resistors in Parallel In this application, a panel-mounted power supply will be 
Voltage in a Parallel Circuit modified by adding a milliammeter to indicate current to a 
irenkofaCurent tall load. Expansion of the meter for multiple current ranges us- 
ing parallel (shunt) resistors will be demonstrated. The prob- 
lem with very low-value resistors when a switch is used to 


Total Parallel Resistance 


Application of Ohm’s Law select the current ranges will be introduced and the effect of 
Current Sources in Parallel switch contact resistance will be demonstrated. A way of 
Current Dividers eliminating the contact resistance problem will be presented. 
Power in Parallel Circuits Finally, the ammeter circuit will be installed in the power 


supply. The knowledge of parallel circuits and of basic am- 
meters that you will acquire in this chapter plus your under- 
standing of Ohm’s law, current dividers, and the resistor 
color code will be put to good use. 


Parallel Circuit Applications 
Troubleshooting 
A Circuit Application 


T THE COMPANION WEBSI 


MPANION WEBS 


hie ie aes aiid lcemmmatininnsestnadtlitaitieeai ee ee — 


identify a parallel resistive circuit 


-” Study aids for this chapter are available at 
* Determine the voltage across each parallel branch http://www. prenhall.com/floyd 
® Apply Kirchhoff’s current law 
® Determine total parallel resistance _ INTRODUCTION 
9 
»@ Apply Ohms law in a parallel circuit In Chapter 5, you learned about series circuits and how to ap- a 
® Determine the total effect of current sources in parallel ply Ohm’s law and Kirchhoff’s voltage law. You also saw how a oo 
® Use a parallel circuit as a current divider series circuit can be used as a voltage divider to obtain several ¢ 
; ; fle aes specified voltages from a single source voltage. The effects of 
ee emi power irfaiparallel cireutt opens and shorts in series circuits were also examined. 
® Describe some basic applications of parallel circuits In this chapter, you will see how Ohm’s law is used in paral- 
® Troubleshoot parallel circuits lel circuits; and you will learn Kirchhoff’s current law. Also, sev- 
eral applications of parallel circuits, including automotive 
KEY TERBIS lighting, residential wiring, and the internal wiring of analog - 
. ammeters are presented. You will learn how to determine total 


@ Branch parallel resistance and how to troubleshoot for open resistors. 

* Parallel When resistors are connected in parallel and a voltage is 

MS Kircher es current law applied across the parallel circuit, each resistor provides a 

separate path for current. The total resistance of a parallel 

# Node circuit is reduced as more resistors are connected in parallel. 

* Current divider The voltage across each of the parallel resistors is equal to ~ 
7 the voltage applied across the entire parallel circuit. 
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6-1 RESISTORS IN PARALLEL 


When two or more resistors are individually connected between two separate points, they 
are in parallel with each other. A parallel circuit provides more than one path for current. 


After completing this section, you should be able to 


Each current path is called a branch, and a parallel circuit is one that has more than 
one branch. Two resistors connected in parallel are shown in Figure 6—1(a). As shown in 
part (b), the current out of the source (J7) divides when it gets to point A. J, goes through 
R, and /5 goes through Rp. If additional resistors are connected in parallel with the first two, 
more current paths are provided between point A and point B, as shown in Figure 6—1(c). 
All points along the top shown in blue are electrically the same as point A, and all points 
along the bottom shown in green are electrically the same as point B. 


» FIGURE 6-1 
Resistors in parallel. 


In Figure 6-1, it is obvious that the resistors are connected in parallel. Often, in actual 
circuit diagrams, the parallel relationship is not as clear. It is important that you learn to 
recognize parallel circuits regardless of how they may be drawn. 

A tule for identifying parallel circuits is as follows: 


If there is more than one current path (branch) between two separate points and if 
the voltage between those two points also appears across each of the branches, then 
there is a parallel circuit between those two points. 


Figure 6-2 shows parallel resistors drawn in different ways between two separate points 
labeled A and B. Notice that in each case, the current has two paths going from A to B, and 


A Cec 2 A A Ag 
+ + + 
A. 
BY 
B 0-tfearme WN Be B _— B 3S B o 
(a) (b) (c) @ (e) 
» FIGURE 6-2 


Examples of circuits with two parallel paths. 
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the voltage across each branch is the same. Although these examples show only two paral- 
lel paths, there can be any number of resistors in parallel. 


|on a protoboard as shown in Figure 6-3. Show the wiring 
1€ resistors in parallel between A and B. Draw a schematic 
's with its value. 


Oo See 
ala : . 
Pee! Oe eee eee ee ee 2 


} oR RT ORR Te ee eo ot 


aw ew ee ewe 
oe exewree CP el 
weeee ex; sees | 
siialiatiatichaialatedstdedatatal ux 


own in the assembly diagram of Figure 6—4(a). The 
‘e 6—4(b). Again, note that the schematic does not 
the actual physical arrangement of the resistors. The schematic 
are connected electrically. 


(b) Schematic 
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Determine the parallel groupings in Figure 6—5 and the value of each resistor. 


FIGURE 6-5 


Solution Resistors R; through Ry and Rj; and Rj are all in parallel. This parallel combination 
is connected to pins 1 and 4 Each resistor in this group is 56kQ. 
Resistors Rs through Rj are all in parallel. This combination is connected to pins 2 
and 3. Each resistor in this group is LOOkQ,. 


How would you connect all of the resistors in Figure 6—5 in parallel? 


fed in a parallel circuit? 
arallel circuit? 


for the circuits in each part of Figure 6—6 by connecting the 
points A and B. 
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ors in Figure 6—6 in parallel with each other. 


6—2 VOLTAGE IN A PARALLEL CIRCUIT 


The voltage across any given branch of a parallel circuit is equal to the voltage across 
each of the other branches in parallel. As you know, each current path in a parallel cir- 
cuit is called a branch. 


After completing this section, you should be able to 


vers lol hr 


To illustrate voltage in a parallel circuit, let’s examine Figure 6—7(a). Points A, B, C, and D 
along the left side of the parallel circuit are electrically the same point because the voltage is 
the same along this line. You can think of all of these points as being connected by a single wire 
to the negative terminal of the battery. The points E, F, G, and H along the right side of the cir- 
cuit are all at a voltage equal to that of the positive terminal of the source. Thus, voltage across 
each parallel resistor is the same, and each is equal to the source voltage. Note that the parallel 
circuit in Figure 6—7 resembles a ladder. 

Figure 6—7(b) is the same circuit as in part (a), drawn in a slightly different way. Here 
the left side of each resistor is connected to a single point, which is the negative battery ter- 
minal. The right side of each resistor is connected to a single point, which is the positive 
battery terminal. The resistors are still all in parallel across the source. 


» FIGURE 6-7 


Voltage across parallel branches is 
the same. 


(b) 
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In Figure 6-8, a 12 V battery is connected across three parallel resistors. When the volt- 
age is measured across the battery and then across each of the resistors, the readings are the 
same. As you can see, the same voltage appears across each branch in a parallel circuit. 


«¢ FIGURE 6-8 


The same voltage appears across 
each resistor in parallel. 


(a) Pictorial (b) Schematic 


ross each resistor in Figure 6-9 


n parallel, so the voltage across each one is equa] to the applied 
is no voltage across the fuse. The voltage across the resistors is 


V, = V2 = V3 = V4 = V5 = Vg = 25V 


the circuit, what is the voltage across R3? 


06-03 to verify the calculated results in this example and to 
ion for the related problem. 
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of the resistors? 
ected across R, in Figure 6-10. It measures 118 V. If you move the 


_ FIGURE 6-11 


6-3 KIRCHHOFF’S CURRENT LAW 


Kirchhoff’s voltage law deals with voltages in a single closed path. Kirchhoff’s current 
law applies to currents in multiple paths. 


After completing this section, you should be able to 
¢ Apply Kirchhoff’s current law 


¢ State Kirchhoff’s current law 


Kirchhoff’s current law, otten abbreviated KCL, can be stated as follows: 


The sum of the currents into a node (total current in) is equal to the sum of the cur- 
rents out of that node (total current out). 


A node is any point or junction in a circuit where two or more components are connected. 
In a parallel circuit, a node or junction is a point where the parallel branches come together. 
For example, in the circuit of Figure 6-12, point A is one node and point B is another. Let’s 
start at the positive terminal of the source and follow the current. The total current J; from the 
source is into node A. At this point, the current splits up among the three branches as indi- 
cated. Each of the three branch currents (7, J), and J) is out of node A. Kirchhoff’s current 
law says that the total current into node A is equal to the total current out of node A; that is, 


ARHl+bh+sh 


Now, following the currents in Figure 6-12 through the three branches, you see 
that they come back together at node B. Currents 1, , and J; are into node B, and 
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» FIGURE 6-12 

Kirchhoff’s current law: The current 
into a node equals the current out of 
that node. 


Ir is out of node B. Kirchhoff’s current law formula at node B is therefore the same as at 
node A. 
Ty = 1 + i ap I, 


Figure 6-13 shows a generalized circuit node where a number of branches are con- 
nected at a point in a circuit. Currents jy) through [pyj,) are into the node (n can be any 
number). Currents Jour) through Jourgny are out of the node (m can be any number, but 
not necessarily equal to n). By Kirchhoff’s current law, the sum of the currents into a node 
must equal the sum of the currents out of the node. With reference to Figure 6-13, a gen- 
eral formula for Kirchhoff’s current law is 


Tinay + fin) + °7* + Finan = Joutay + Joute) + °°" + Louran 


If ail the terms on the right side of Equation 6-1 are brought over to the left side, their signs 
change to negative, and a zero is left on the right side as follows: 


Ana) + fingy + °° + nun — Joutay — Toute) —+** — Zoutany = 9 


ha) Touta) 


Tay Tout) 


hve) ———<——<<_—>> ot) 


I ING) lout 


4inayt Fina) + Sy t+ > > + Ainon = Foutayt lout) + Fouray +> * “Fouts 


Equation 6—1 


» FIGURE 6-13 


Generalized circuit node illustrating 
Kirchhoff’s current law. 
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Based on this last equation, Kirchhoff’s current law can also be stated in this way: 
The algebraic sum of all the currents entering and leaving a node is equal to zero. 


You can verify Kirchhoff’s current law by connecting a circuit and measuring each 
branch current and the total current from the source, as illustrated in Figure 6-14. When the 
branch currents are added together, their sum will equal the total current. This rule applies 
for any number of branches. 

The following three examples illustrate use of Kirchhoff’s current law. 


» FIGURE 6-14 


An illustration of Kirchhoff’s current 
law. 


uit of Figure 6-15. Determine the total cur- 
it leaving node B. 


ly expressed as Jy — 1, — , = 0. 


n Figure 6-15 and its current is 3 mA, what is 


EXAMPLE 6-5 


KIRCHHOFF’S CURRENT LAW @ 


Determine the current /> through R2 in Figure 6-16. 


xu i 
o— Ri | % |Zoma 
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FIGURE 6-16 


Solution The total current into the junction of the three branches is ry = 1, + In + 13. From 
Figure 6—16, you know the total current and the branch currents through R, and R3. 
Solve for /5 as follows: 


ly = Ty — I, — 1; = 100mA — 30mA — 20mA = 50mA 


Related Problem Determine J; and J, if a fourth branch is added to the circuit in Figure 6-16 and it has 


EXAMPLE 6-6 


12 mA through it. 


Use Kirchhoff’s current law to find the current measured by ammeters A3 and A5 in 
Figure 6-17. 


FIGURE 6-17 


Soution The total current into node X is 5 mA. Two currents are out of node X: 1.5 mA through 
resistor R, and the current through A3. Kirchhoff’s current law applied at node X gives 


SmA = 1.5mA + T x3 
Solving for J,3 yields 


Tn3 = 5mA — 1.5mA = 3.5 mA 
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‘The total current into node Yis J,43 = 3.5 mA. Two currents are out of node Y: 
1 mA through resistor R> and the current through A5 and R3. Kirchhoff’s current law 
applied at node Y gives 


3.5mA = 1mA + Igs5 
Solving for Jas yields 
} Ing = 3.5mA — 1mA = 2.5mA 


Related Problem How much current will an ammeter measure when it is placed in the circuit right be- 
low R3 in Figure 6-17? Below the negative battery terminal? 


in two ways. 
5 mA into a node and the current out of the node divides 
What is the sum of all three branch currents? 


1A and 300 mA are into the node. What is the amount of current 


Figure 6-19. 

de, and two branch currents leave the same node. 

g the node is 1 mA, and one of the currents leaving the 
ent entering and leaving the node is 8 mA. Determine 

ent entering the node and the value of the unknown 


FIGURE 6-19 


6-4 TOTAL PARALLEL RESISTANCE 


When resistors are connected in parallel, the total resistance of the circuit decreases. 
The total resistance of a parallel circuit is always less than the value of the smallest 
resistor. For example, if a 10 © resistor and a 100 © resistor are connected in parallel. 
the total resistance is less than 10 0. 


After completing this section, you should be able to 
¢ Determine total parallel resistance 
¢ Explain why resistance decreases as resistors are connected in parallel 


* Apply the parallel-resistance formula 


TOTAL PARALLEL RESISTANCE 


As you know, when resistors are connected in parallel, the current has more than one 
path. The number of current paths is equal to the number of parallel branches. 

In Figure 6—20(a), there is only one current path because it is a series circuit. There is 
a certain amount of current, /,, through R1. If resistor Rp is connected in parallel with Rj, 
as shown in Figure 6—20(b), there is an additional amount of current, J5, through Ro. 
The total current from the source has increased with the addition of the parallel resistor. 
Assuming that the source voltage is constant, an increase in the total current from the 
source means that the total resistance has decreased, in accordance with Ohm’s law. 
Additional resistors connected in parallel will further reduce the resistance and increase 
the total current. 


—_ —— + 
J; includes 


is 7, and J5. 


(a) (b) 
» FIGURE 6-20 


Addition of resistors in parallel reduces total resistance and increases total current. 


Formula for Total Parallel Resistance 


The circuit in Figure 6-21 shows a general case of n resistors in parallel (n can be any num- 
ber), From Kirchhoff’s current law, the equation for current is 


ey al hg eee 


+0 e 
—__> 
Ty 
WS R, = Ry 
q 1D) I, 
° © 


» FIGURE 6-21 


Circuit with n resistors in parallel. 


Since Vg is the voltage across each of the parallel resistors, by Ohm’s law, J, = Vs/R,, 
In = Vs/Ro, and so on. By substitution into the equation for current, 


V V Vi if V. 
Spee Ss 
Rr R, RR; Ry, 


ad 
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The term Vz can be factored out of the right side of the equation and canceled with Vs on 
the left side, leaving only the resistance terms. 
1 1 { 1 1 


=— $4 — 4 
Rp Ri Rp fg R,, 


Recall that the reciprocal of resistance (1/R) is called conductance, which is symbolized by 
G. The unit of conductance is the siemens (S). The equation for 1/Rz can be expressed in 
terms of conductance as 


Gr=G, + G+ Gy +--+ G, 


Solve for Ry by taking the reciprocal of (that is, by inverting) both sides of the equation 
for 1/Rr. 


1 


(5) * (a) * (am) + (a) 

— +{[— + — f+eeet — 

R, Ry R; R,, 

Equation 6-2 shows that to find the total parallel resistance, add all the 1/R (or conduc- 


tance, G) terms and then take the reciprocal of the sum. 


ob. 
Gr 


Equation 6—2 Rr = 


Rr 


esistance between points A and B of the circuit in Fig- 


1 q > 10ms 
| =e S 
aja («O° 
1 
i Gz = — = — = 45, 
( RR, 20 5.5 mS 


|; G2, and G3 and taking the reciprocal of the sum. 
1 1 


= 13.00 


R3 (22 Q), as it should be. 


in parallel in Figure 6-22, what is the new value of Ry? | 
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Calculator Tip 


The parallel-resistance formula is easily solved on a calculator using Equation 6—2. The gen- 
eral procedure is to enter the value of R, and then take its reciprocal by pressing the x! key. 
(The reciprocal is a secondary function on some calculators.) Next press the + key; then 
enter the value of R2 and take its reciprocal using the x ! key and press the + key. Repeat 
this procedure until all of the resistor values have been entered; then press ENTER. The final 
step is to press the x | key and the ENTER key to get Ry. The total parallel resistance is now 
on the display. The display format may vary, depending on the particular calculator. For 
example, the steps required for a typical calculator solution of Example 6-7 are as follows: 


. Enter 100. Display shows 100. 

. Press x! (or 2nd then x). Display shows 100°!. 

. Press +. Display shows 100! +. 

. Enter 47. Display shows 100 ' + 47. 

. Press x ! (or 2nd then x !). Display shows 100°! + 4771. 

. Press +. Display shows 100 | + 47! +. 

. Enter 22. Display shows 100°! + 477! + 22. 

. Press x! (or 2nd then x~'). Display shows 100°! + 4771 + 227! 
. Press ENTER. Display shows a result of 76.731141199287°. 


. Press x! (or 2nd then x ') and then ENTER. Display shows a result of 
13.0325182758E0. 


eo FN HR we fF He YP = 


-— 
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The number displayed in Step 10 is the total resistance in ohms. Round it to 13.0 QO. 


The Case of Two Resistors in Parallel 


Equation 6—2 is a general formula for finding the total resistance for any number of resis- 
tors in parallel. The combination of two resistors in parallel occurs commonly in practice. 
Also, any number of resistors in parallel can be broken down into pairs as an alternate way 
to find the Ry. Based on Equation 6—2, the formula for the total resistance of two resistors 
in parallel is 


1 


(i) * Ge) 


Combining the terms in the denominator yields 


Ry = 


1 
Ry = > 
“ (f + 2) 
RyRy 
which can be rewritten as follows: 
Ry = me Equation 6-3 
TR + Ro : 


Equation 6~3 states 


The total resistance for two resistors in parallel is equal to the product of the two 
resistors divided by the sum of the two resistors. 


This equation is sometimes referred to as the “product over the sum” formula. 
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_ = (680.9330 0) _ 224,400 07 
680 © + 3300, 10100 


= 2220, 


eplaces Rj in Figure 6-23. 


The Case of Equal-Value Resistors in Parallel 


Another special case of parallel circuits is the parallel connection of several resistors each 
having the same resistance value. There is a shortcut method of calculating R; when this 


case occurs. 
If several resistors in parallel have the same resistance, they can be assigned the same 
symbol R. For example, R; = Rp = R3 =---= R, = R. Starting with Equation 6-2, you 


can develop a special formula for finding Ry. 

eee ee 
(a) + Ga) + G+ G) 
—)4+{—)+(—)+4+---4+ (= 
R R R R 


Notice that in the denominator, the same term, |/R, is added n times (n is the number of 
equal-value resistors in parallel). Therefore, the formula can be written as 


Ry = 


1 
Rr =— 
tT nlR 
or 
ae R 
Equation 6-4 Rr = z 


Equation 6—4 says that when any number of resistors (), all having the same resistance 
(R), are connected in parallel, Ry is equal to the resistance divided by the number of resis- 
tors in parallel. 


e connected in parallel to the output of an amplifier. What is the 
output of the amplifier? 


in parallel. Use Equation 6-4 as follows: 
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Determining an Unknown Parallel Resistor 


Sometimes you need to determine the values of resistors that are to be combined to produce 
a desired total resistance. For example, you use two parallel resistors to obtain a known to- 
tal resistance. If you know or arbitrarily choose one resistor value, then you can calculate 
the second resistor value using Equation 6—3 for two parallel resistors. The formula for de- 
termining the value of an unknown resistor R, is developed as follows: 


1 1 I 
Se 
Rr Ra Ry 
tee 
R, Ry Ra, 
pes tae 
Ry Ray 
RaRy 
R, = Equation 6-5 
ie Se q 
where R, is the unknown resistor and Ry, is the known or selected value. 
EXAMPLE 6-10 Suppose that you wish to obtain a resistance as close to 150 (. as possible by combining 


two resistors in parallel. There is a 330 2? resistor available. What other value do you need? 


Solution Ry = 1500 and Rg = 330 ©. Therefore, 


RaRr _ (330.9)(150 Q) 
Rae, © 3300) = 1500 


The closest standard value is 270 ©. 


R, = = 275 


Related Problem Tf you need to obtain a total resistance of 130 ©, what value can you add in parallel to 
the parallel combination of 330 Q and 270 ©? First find the value of 330 Q and 


270 Q, in parallel and treat that value as a single resistor. 


Notation for Parallel Resistors 


Sometimes, for convenience, parallel resistors are designated by two parallel vertical 
marks. For example, R; in parallel with Rz can be written as R; || Ro. Also, when several re- 
sistors are in parallel with each other, this notation can be used. For example, 


Ry [| Roll Rall Rall Rs 


indicates that R; through Rs are all in parallel. 
This notation is also used with resistance values. For example, 


10k ||5kO 


means that a 10 kO resistor is in parallel with a 5 kQ resistor 


1. Does the total resistance increase or decrease as more resistors are connected in 
parallel? 


2. The total parallel resistance is always less than what value? 
__ 3. Write the general formula for R; with any number of resistors in parallel. 
_ ae t : 


coe cf 
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two resistors in parallel. 
ny number of equal-value resistors in parallel. 


FIGURE 6-26 


6-5 APPLICATION OF OHM’S LAW 
Ohm’s law can be applied to parallel circuit analysis. 
After completing this section, you should be able to 
« Apply Ohm’s law in a parallel circuit 
* Find the total current in a parallel circuit 
» Find each branch current in a parallel circuit 
* Find the voltage across a parallel circuit 


¢ Find the resistance of a parallel circuit 


The following examples illustrate how to apply Ohm’s law to determine the total cur- 
rent, branch currents, voltage, and resistance in parallel circuits. 


EXAMPLE 6-11 Find the total current produced by the battery in Figure 6-27. 


FIGURE 6-27 hk 
| AW 
| 56 kO 
+ 
Vs R 


Solution 


Related Problem 
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The battery “sees” a total parallel resistance that determines the amount of current that 
it generates, First, calculate Rr. 
RiRp _ (LOOKO)(56kN) — 5600k0? 
Ry + Rp 100kO + 56kO, 156kQ 


Ry 35.9kO, 


The battery voltage is 100 V. Use Ohm’s law to find /7. 


Vs 100 V 
i = 2.79mA 
ORF 359k0 
What is /y in Figure 6-27 if Rp is changed to 120 k{.? What is the current through 
Ry? 
Use Multisim file E06-11 to verify the calculated results in this example and to con- 
firm your calculation for the related problem. 


EXAMPLE 6-12 


Solution 


Related Problem 


= 


Determine the current through each resistor in the parallel circuit of Figure 6-28 


FIGURE 6-28 


The voltage across each resistor (branch) is equal to the source voltage. That is, the 
voltage across Rj is 20 V, the voltage across Rp is 20 V, and the voltage across R3 is 
20 V. The current through each resistor is determined as follows: 


Ve 20V 
= S- = 20mA 

a, 1OKo ee 
Vs  20V 

h=—= = 9, 

ID R, 22kO 9.09 mA 
Vs 20V 

== = 35.7mA 
R; 5600 


If an additional resistor of 910 © is connected in parallel to the circuit in Figure 6-28, 
determine all of the branch currents. 


Use Multisim file E06-12 to verify the calculated results in this example and to con- 
firm your calculations for the related problem 
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EXAMPLE 6-13 


Find the voltage Vz. across the parallel circuit in Figure 6-29. 


FIGURE 6-29 


Solution The total current into the parallel circuit is 10 mA. If you know the total resistance, 
then you can apply Ohm’s law to get the voltage. The total resistance is 
:. 1 
G, + Go + G3 
1 


Sea Ge) 

+ + 

Ry Ry R3 

x 1 

re can) (am) 
220 0 560 0 1.0k0 
—_— 1 as | 
455mS + 1.79mS +1mS  7.34mS 


Ry 


= 1360, 


Therefore, the source voltage is 


Vs = IpRp = (10mA)(136 2) = 1.36 V 


Related Problem Find the voltage if R3 is decreased to 680 (2) in Figure 6-29 and /y is 10 mA. 


* Use Multisim file E06-13 to verify the calculated results in this example and to con- 
firm your calculation for the related problem. 


EXAMPLE 6-14 


The circuit board in Figure 6-30 has three resistors in parallel. The values of two of 
the resistors are known from the color bands, but the top resistor is not clearly marked 
(maybe the bands are worn off from handling). Determine the value of the unknown 
resistor RK, using only an ammeter and a de power supply. 


FIGURE 6-30 
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Solution Tf you can determine the total resistance of the three resistors in parallel, then you can 
use the parallel-resistance formula to calculate the unknown resistance. You can use 
Ohm’s law to find the total resistance if voltage and total current are known. 
In Figure 6-31, a 12 V source (arbitrary value) is connected across the resistors, and 
the total current 1s measured. Using these measured values. find the total resistance. 


ae 1 
ly 24.1mA 


Re = 498 0, 


FIGURE 6-31 


Find the unknown resistance as follows: 


= — + 
7h RRs 
| es I 1 1 
= a a _ — AS3 S 
R, Rr Rp PR; 4989 18kQ  10kO i 
1 
= = 2.21k0 
453 wS 


Related Problem Explain how to determine the value of R, using an ohmmeter and without removing Ry 
from the circuit. 


cross three 680 ©, resistors that are in parallel. What is 
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each resistor of Figure 6-32? 

in parallel with a 12 V source, and 5.85 mA of cur- 
value of each resistor? 

ire connected in parallel. There is a total of 100 mA 
How much voltage is dropped across the resistors? 


6—6 CURRENT SOURCES IN PARALLEL 


As you learned in Chapter 2, a current source is a type of energy source that provides a 
constant current to a load even if the resistance of that load changes. A transistor can 
be used as a current source; therefore, current sources are important in electronic cir- 
cuits. Although the study of transistors is beyond the scope of this book, you should 
understand how current sources act in parallel. 


After completing this section, you should be able to 


eee oy eel 


In general, the total current produced by current sources in parallel is equal to the alge- 
braic sum of the individual current sources. The algebraic sum means that you must con- 
sider the direction of current when you combine the sources in parallel. For example, in 
Figure 6—33(a), the three current sources in parallel provide current in the same direction 
(into node A). So the total current into node A is 


Iy=1A+2A+4+2A=5A 


In Figure 6—33(b), the 1 A source provides current in a direction opposite to the other 
two. The total current into node A in this case is 


Iy=2A4+2A-1A=3A 


b> FIGURE 6-33 A A 


A@ ~@ ~@ A@ »~@ ~@ 


(a) (b) 


1 Ry in Figure 6-34. 


R 
50 mA @ E 
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1 in parallel in the same direction. What cur- 
| resistor? 


t be connected in parallel to produce a total 
lematic showing the sources connected. 


rcuit, the transistor can be represented by a 10 mA 
6-35. In a certain transistor amplifier, two transis- 
there through the resistor R;? 


6-7 CuRRENT DIVIDERS 


A parallel circuit acts as a current divider because the current entering the junction of 
parallel branches “divides” up into several individual branch currents. 


After completing this section, you should be able to 


* Useap 


‘allel circuit as a current divider 


In a parallel circuit, the total current into the junction of the parallel branches divides 
among the branches. Thus, a parallel circuit acts as a current divider. This current-divider 
principle is illustrated in Figure 6-36 for a two-branch parallel circuit in which part of the 
total current /7 goes through R, and part through R>. 


<< FIGURE 6-36 


Total current divides between the 
two branches. 
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Since the same voltage is across each of the resistors in parallel, the branch currents are 
inversely proportional to the values of the resistors. For example, if the value of R2 is twice 
that of Rj, then the value of Jp is one-half that of 7;. In other words, 


The total current divides among parallel resistors into currents with values in- 
versely proportional to the resistance values. 


The branches with higher resistance have less current, and the branches with lower resist- 
ance have more current, in accordance with Ohm’s law. If all the branches have the same 
resistance, the branch currents are all equal. 

Figure 6—37 shows specific values to demonstrate how the currents divide according to 
the branch resistances. Notice that in this case the resistance of the upper branch is one- 
tenth the resistance of the lower branch, but the upper branch current is ten times the lower 
branch current. 


» FIGURE 6-37 


The branch with the lower resistance 
has more current, and the branch 
with the higher resistance has less 
current. 


1000 0 


Current-Divider Formula 


You can develop a formula for determining how currents divide among any number of par- 
allel resistors as shown in Figure 6-38, where n is the total number of resistors 


» FIGURE 6-38 
A parallel circuit with n branches 


The current through any one of the parallel resistors is J,, where x represents the num- 
ber of a particular resistor (1, 2, 3, and so on). By Ohm’s law, you can express the current 
through any one of the resistors in Figure 6-38 as follows: 


Current DiviDERS @ 


The source voltage, Vs, appears across each of the parallel resistors, and R, represents any 
one of the parallel resistors. The total source voltage, Vs, is equal to the total current times 
the total parallel resistance. 


Vg = dpRy 
Substituting /;Ry for Vs in the expression for J, results in 


Ee 1Rr 
Rearranging terms yields 


a (=): Equation 6-6 


where x = 1, 2, 3, etc. 
Equation 6-6 is the general current-divider formula and applies to a parallel circuit with 
any number of branches. 


The current (/,) through any branch equals the total parallel resistance (R7) di- 
vided by the resistance (R,) of that branch, and then multiplied by the total current 
(I7) into the junction of parallel branches. 


EXAMPLE 6-16 Determine the current through each resistor in the circuit of Figure 6-39 


FIGURE 6-39 


Solution First calculate the total parallel resistance. 


J 1 


@+@)+@ Ga) Ge) a) 


The total current is 10 mA Use Equation 6-6 to calculate each branch current 


I (=); (Ee 10 A = 1.63mA 
= ear = == m — ks 
: R,/* \e800 


ie 110 
pl — | ——— 0mA = 3.36mA 
: = i enn) 4 4 


Ry 110 
B= |— = = oy 
3 (Fi) (se toma 5.05 mA 


Rr = = 1110 


Related Problem Determine the current through each resistor in Figure 6-39 if R3 is removed. 
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» FIGURE 6-40 


Equation 6-7 


Equation 6-8 


Current-Divider Formulas for Two Branches Two parallel resistors are common in 
practical circuits, as shown in Figure 6-40. As you know from Equation 6-3, 
RR 
Rr = pes AC 
R, + R2 


Using the general current-divider formula in Equation 6—6, the formulas for /; and Jy 
can be written as follows: 


R. R 
i= me o-( 


Substituting R,Ro/(R; + Ro) for Ry and canceling terms result in 


( RR2 ) ( RiR> ) 
R, + Ro R, + Ro 
= and Sh = 
: R zs : Ro ss 


Theretore, the current-divider formulas for the special case of two branches are 


i = (|—*— |r 
R, + Ro 


b=( a i 
2 XR + Be 


Note that in Equations 6—7 and 6-8, the current in one of the branches is equal to the op- 
posite branch resistance divided by the sum of the two resistors, all multiplied by the total 
current. In all applications of the current-divider equations, you must know the total current 
into the parallel branches. 


470 zs 
7 (28 100m = 32.0mA 
100 0 2. 
(ee 100m = 68.0mA 


ure 6-41 and /y stays the same, what will each 


ae 
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alculating each branch current for a two-branch 


parallel with a voltage source: 220 kOQ,, 100 kQ, 
resistor has the most current through it? The least 


__ FIGURE 6-43 


6-8 POWER IN PARALLEL CIRCUITS 


Total power in a parallel circuit is found by adding up the powers of all the individual 
resistors, the same as for series circuits. 


After completing this section, you should be able to 
« Detern in a pa circuit 


Equation 6-9 states the formula for finding total power in a concise way for any num- 
ber of resistors in parallel. 


Py = P; + Pp + P3 +--+ + Py Equation 6~9 


where Py is the total power and P,, is the power in the last resistor in parallel. As you can 
see, the powers are additive, just as in a series circuit. 

The power formulas in Chapter 4 are directly applicable to parallel circuits. The follow- 
ing formulas are used to calculate the total power Py: 


Pr = Viy 

Py = ARy 
v2 

Py SS 
Rr 


where V is the voltage across the parallel circuit, 7 is the total current into the parallel cir- 
cuit, and Ry is the total resistance of the parallel circuit. Examples 6-18 and 6-19 show 
how total power can be calculated in a parallel circuit. 
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EXAMPLE 6-18 


Determine the total amount of power in the parallel circuit in Figure 6-44. 


+0 


—_—_> 

200 mA 
R, Ry R, 
68 33.0 IAT 


6 


FIGURE 6-44 


Solution The total current is 200 mA. The total resistance is 


Ry = = 11.10 


fe) y ec) é a) 


The easiest power formula to use is Pp = Ry because you know both /y and Rr. 
Py = BR, = (200mA)2(11.1 Q) = 444 mW 


Let’s demonstrate that if you determine the power in each resistor and if you add all 
of these values together, you will get the same result. First, find the voltage across each 
branch of the circuit. 


V = IpRy = (200mA)(11.1 QO) = 2.22V 


Remember that the voltage across all branches is the same. 
Next, use P = V/R to calculate the power for each resistor. 


mez vy 

5) ee oa 
_ Cea 

ae, 1 mW 
meV 

0 = rue anh 


Add these powers to get the total power. 
Py = 72.5mW + 149mW + 224mW = 446mW 


This calculation shows that the sum of the individual powers is equal (approximately) 
to the total power as determined by one of the power formulas. Rounding to three sig- 
nificant figures accounts for the difference. 


Related Problem Find the total power in Figure 6-44 if the total current is doubled. 


EXAMPLE 6-19 


The amplifier in one channel of a stereo system as shown in Figure 6-45 drives two 
speakers. If the maximum voltage* to the speakers is 15 V, how much power must the 
amplifier be able to deliver to the speakers? 


Solution 


Related Problem 
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—_—S ae 80 
Channel 1 
stereo 
amplifier 
80 


FIGURE 6-45 


The speakers are connected in parallel to the amplifier output, so the voltage across 
each is the same. The maximum power to each speaker is 
Bva  (15°v)" 


Pana R 80 


= 28.1 W 


The total power that the amplifier must be capable of delivering to the speaker system 
is twice the power in an individual speaker because the total power is the sum of the 
individual powers. 


Piqnaxy = Pimax) ar Pimax) = DA rey = 2(28.1 W) = 56.2 W 


If the amplifier can produce a maximum of 18 V, what is the maximum total power to 
the speakers? 


*Voltage is ac in this case; but power is determined the same for ac voltage as for dc voltage, as 


you will see later. 


in each resistor in a parallel circuit, how can you find the total power? 


el circuit dissipate the following powers: 238 mW, 512 mW, 
What is the total power in the circuit? 


)kQ, a 2.7 kQ, and a 3.9 kO resistor in parallel. There is a total cur- 
allel circuit. What is the total power? 


6-9 PARALLEL CIRCUIT APPLICATIONS 


Parallel circuits are found in some form in virtually every electronic system. In many 
of these applications, the parallel relationship of components may not be obvious until 
you have covered some advanced topics that you will study later. For now, let’s look at 
some examples of common and familiar applications of parallel circuits. 


200 
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After completing this section, you should be able to 
« Describe some basic applications of parallel circuits 


¢ Discuss the lighting system in automobiles 


¢ Discuss residential wiring 


Automotive 


One advantage of a parallel circuit over a series circuit is that when one branch opens, the 
other branches are not affected. For example, Figure 646 shows a simplified diagram of 
an automobile lighting system. When one headlight on a car goes out, it does not cause the 
other lights to go out because they are all in parallel. 


zl a 
re on 
ry cy cy 


Parking 
lights 


» FIGURE 6-46 
Simplified diagram of the exterior light system of an automobile. 


Notice that the brake lights are switched on independently of the headlights and tail- 
lights. They come on only when the driver closes the brake light switch by depressing the 
brake pedal. When the lights switch is closed, both headlights and both taillights are on. 
When the headlights are on, the parking lights are off and vice versa. If any one of the lights 
burns out (opens), there is still current in each of the other lights. The back-up lights are 
switched on when the reverse gear is engaged. 


Residential 


Another common use of parallel circuits is in residential electrical systems. All the lights 
and appliances in a home are wired in parallel. Figure 6-47 shows a typical room wiring 
arrangement with two switch-controlled lights and three wall outlets in parallel. 


Analog Ammeters 


Parallel circuits are used in the analog (needle-type) ammeter or milliammeter. Although 
analog meters are not as common as they once were, they are still used as panel meters in 
certain applications and analog multimeters are still available. Parallel circuits are an 
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important part of analog ammeter operation because they allow the selection of various 
ranges in order to measure many different current values. 

The mechanism in an ammeter that causes the pointer to move in proportion to the cur- 
rent is called the meter movement, which is based on a magnetic principle that you will 
learn later. Right now, it is sufficient to know that a given meter movement has a certain re- 
sistance and a maximum current. This maximum current, called the full-scale deflection 
current, causes the pointer to go all the way to the end of the scale. For example, a certain 
meter movement has a 50 (1 resistance and a full-scale deflection current of 1 mA. A meter 
with this particular movement can measure currents of 1 mA or less as indicated in Figure 
6-48(a) and (b). Currents greater than | mA will cause the pointer to “peg” (or stop) 
slightly past the full scale mark as indicated in part (c), which can damage the meter. 
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Example of parallel circuits in resi- 
dential wiring. 
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a aes 
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(a) Half-scale deflection (b) Full-scale deflection 


» FIGURE 6-48 
A1 mA analog ammeter. 


Figure 6-49 shows a simple ammeter with a resistor in parallel with the | mA meter 
movement; this resistor is called a shunt resistor. Its purpose is to bypass a portion of cur- 
rent around the meter movement to extend the range of current that can be measured. The 


1 <=} 10x 1 mA =10mA 


(c) “Pegged” 


<@ FIGURE 6-49 


A 10 mA analog ammeter. 
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figure specifically shows 9 mA through the shunt resistor and 1 mA through the meter 
movement. Thus, up to 10 mA can be measured. To find the actual current value, simply 
multiply the reading on the scale by 10. 

A multiple-range ammeter has a range switch that permits the selection of several full- 
scale current settings. In each switch position, a certain amount of current is bypassed 
through a parallel resistor as determined by the resistance value. In our example, the cur- 
rent though the movement is never greater than 1 mA. 

Figure 6—50 illustrates a meter with three ranges: 1 mA, 10 mA, and 100 mA. When the 
range switch is in the 1 mA position, all of the current into the meter goes through the me- 
ter movement. In the 10 mA setting, up to 9 mA goes through Rey) and up to 1 mA through 
the movement. In the 100 mA setting, up to 99 mA goes through Rsy2, and the movement 
can still have only 1 mA for full-scale. 

The scale reading is interpreted based on the range setting. For example, in Figure 6-50, 
if 50 mA of current are being measured, the needle points at the 0.5 mark on the scale; you 
must multiply 0.5 by 100 to find the current value. In this situation, 0.5 mA is through the 
movement (half-scale deflection) and 49.5 mA are through Rsyp. 


100x 1 mA = 100mA 


1 mA, 50.0 eas 


ae meter = 
movement 


A FIGURE 6-50 


An analog ammeter with three ranges. 


Effect of the Ammeter on a Circuit As you know, an ammeter is connected in series to 
measure the current in a circuit. Ideally, the meter should not alter the current that it is 
intended to measure. In practice, however, the meter unavoidably has some effect on the 
circuit because its internal resistance is connected in series with the circuit resistance. 
However, in most cases, the meter’s internal resistance is so small compared to the circuit 
resistance that it can be neglected. 

For example, if a meter has a 50 O movement (Ry) and a 0.1 mA full-scale current (Jy), 
the maximum voltage dropped across the movement is 


Vu = ImRmu = (0.1 mA)(50 0) = 5mV 
The shunt resistance (Rg) for the 10 mA range, for example, is 


Ro = — = = 0.505 2 
SH Igy 9.9 mA 
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As you can see, the total resistance of the ammeter on the 10 mA range is the resistance 
of the meter movement in parallel with the shunt resistance. 


Recor) = Ru ll Rs = 50.0 |} 0.505 0 = 0.5.0 


EXAMPLE 6-20 How much does a 10 mA ammeter with a 0.1 mA, 50 2 movement affect the current ] 
in the circuit of Figure 6-51? 


FIGURE 6-51 


1200 


Ammeter 


(a) Circuit (b) Circuit with ammeter connected 


Solution The original current in the circuit (with no meter) is 


_ 10V 
lois = 7900 0 


The meter is set on the 10 mA range in order to measure this particular amount of cur- 
rent. The meter’s resistance on the 10 mA range is 0.5 .. When the meter is connected 
in the circuit, its resistance is in series with the 1200 C. resistor. Thus, there is a total 
of 1200.5 2. 

The current in the circuit is reduced slightly by inserting the meter. 


“ae 10V 
ae 120050 


= 8.3333 mA 


= 8.3299 mA 


The current with the presence of the meter differs from the original circuit current by 
only 3.4 wA or 0.04%. 

Therefore, the meter does not significantly alter the current value, a situation which, 
of course, is necessary because the measuring instrument should not change the quan- 
tity that is to be measured accurately. 


Related Problem How much will the measured current differ from the original current if the circuit 
resistance in Figure 6-51 is 12 kO rather than 1200 0? 


ammeter in Figure 6-51, what is the maximum resistance that the meter will 

connected in a circuit? What is the maximum current that can be measured 
ig? 

hunt resistors have resistance values considerably less than or more than that 

movement? Why? 
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6-10 TROUBLESHOOTING 


» FIGURE 6-52 


When switch opens, total current 
decreases and current through R 
remains unchanged. 


Recall that an open circuit is one in which the current path is interrupted and there is 
no current. In this section we examine what happens when a branch of a parallel cir- 
cuit Opens. 


After completing this section, you should be able to 
¢ Troubleshoot parallel circuits 


¢@ Check for an open in a circuit 


Open Branches 


If a switch is connected in a branch of a parallel circuit, as shown in Figure 6-52, an open 
or aclosed path can be made by the switch. When the switch is closed, as in Figure 6—52(a), 
R, and R2 are in parallel. The total resistance is 50 1 (two 100 2) resistors in parallel). Cur- 
rent is through both resistors. If the switch is opened, as in Figure 6—52(b), R, is effectively 
removed from the circuit, and the total resistance is 100 ©. Current is now only through R. 
In general, 


When an open occurs in a parallel branch, the total resistance increases, the total 
current decreases, and the same current continues through each of the remaining 
parallel paths. 


The decrease in total current equals the amount of current that was previously in the open 
branch. The other branch currents remain the same. 


JL switch 
switch) 


if Q 
T ue 


Consider the lamp circuit in Figure 6-53. There are four bulbs in parallel with a 12 V 
source. In part (a), there is current through each bulb. Now suppose that one of the bulbs 
burns out, creating an open path as shown in Figure 6—53(b). This light will go out because 
there is no current through the open path. Notice, however, that current continues through 
all the other parallel bulbs, and they continue to glow. The open branch does not change the 


tebe + 


» FIGURE 6-53 


When one lamp opens, total current decreases and other branch currents remain unchanged. 


voltage across the parallel branches; it remains at 12 V, and the current through each branch 
remains the same. 

You can see that a parallel circuit has an advantage over a series circuit in lighting systems 
because if one or more of the parallel bulbs burn out, the others will stay on. In a series circuit, 
when one bulb goes out, all of the others go out also because the current path is completely in- 
terrupted. 

When a resistor in a parallel circuit opens, the open resistor cannot be located by mea- 
surement of the voltage across the branches because the same voltage exists across all the 
branches. Thus, there is no way to tell which resistor is open by simply measuring voltage. 
The good resistors will always have the same voltage as the open one, as illustrated in Fig- 
ure 6—54 (note that the middle resistor is open). 

If a visual inspection does not reveal the open resistor, it must be located by current mea- 
surements. In practice, measuring current is more difficult than measuring voltage because 
you must insert the ammeter in series to measure the current. Thus, a wire or a PC board con- 
nection must be cut or disconnected, or one end of a component must be lifted off the circuit 
board, in order to connect the ammeter in series. This procedure, of course, is not required 
when voltage measurements are made because the meter leads are simply connected across 
a component. 


Finding an Open Branch by Current Measurement 


In a parallel circuit with a suspected open branch, the total current can be measured to find 
the open. When a parallel resistor opens, the total current, I7, is always less than its nor- 
mal value. Once you know [7 and the voltage across the branches, a few calculations will 
determine the open resistor when all the resistors are of different resistance values. 

Consider the two-branch circuit in Figure 6—55(a). If one of the resistors opens, the total 
current will equal the current in the good resistor. Ohm’s law quickly tells you what the 
current in each resistor should be. 


50V 

i nie 89.3 mA 
50 V 

h= i000 500 mA 


Ip = 1 + Ib = 589.3mA 


If Ro 1s open, the total current is 89.3 mA, as indicated in Figure 6—55(b). If R, is open, 
the total current is 500 mA, as indicated in Figure 6—55(c) 
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» FIGURE 6-54 


Parallel branches (open or not) have 
the same voltage. 


O9.Ama 
+ + 
= | —_—>> 
SOY Fhown =* h =* OY ete a, 
560 0 100 0 
-2 ~~ } iG. 
(a) Current with no open branch (b) Current with R» open (c) Current with R, open 


A FIGURE 6-55 


Finding an open path by current measurement 


This procedure can be extended to any number of branches having unequal resistances. 
If the parallel resistances are all equal, the current in each branch must be checked until a 
branch is found with no current. This is the open resistor. 
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1 current of 31.09 mA, and the voltage across the parallel] 
open resistor, and, if so, which one is it? 


= 
4.7kO : 2.2kO 


measured in Figure 6-56 if Rq and not R2 is open? 


Finding an Open Branch by Resistance Measurement 


If the parallel circuit to be checked can be disconnected from its voltage source and from 
any other circuit to which it may be connected, a measurement of the total resistance can 
be used to locate an open branch. 

Recall that conductance, G, is the reciprocal of resistance (1/R) and its unit is the siemens 
(S). The total conductance of a parallel circuit is the sum of the conductances of all the resistors. 


Gr =G, + G+ G3+---+G, 
To locate an open branch, do the following steps: 
1. Calculate what the total conductance should be using the individual resistor values. 
1 
a ees re 


2. Measure the total resistance with an ohmmeter and calculate the total measured 
conductance. 
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3. Subtract the measured total conductance (Step 2) from the calculated total conduc- 
tance (Step 1). The result is the conductance of the open branch and the resistance 
is obtained by taking its reciprocal (R = 1/G). 
5 1 
Pe “Greaney — Gira) 


Equation 6-10 


EXAMPLE 6-22 Check the PC board in Figure 6—57 for open branches. 


__ FIGURE 6-57 


Solution There are two separate parallel circuits on the board. The circuit between pin | and pin 
4 is checked as follows (we will assume one of the resistors is open): 


1. Calculate what the total conductance should be using the individual resistor values. 
1 1 a 1 1 1 
=—+— + — $$ HH 
et BR Rk Ro 
1 l 1 1 I I 


10KQ  £8kQ | 22kM * 2.7KQ * 33KN * 3.9KO 


2. Measure the total resistance with an ohmmeter and calculate the total measured 
conductance. Assume that your ohmmeter measures 402 2. 


= 2.94mS 


1 
Gy cmeas) a 4020 = 249mS 


3. Subtract the measured total conductance (Step 2) from the calculated total conduc- 
tance (Step 1). The result is the conductance of the open branch and the resistance 
is obtained by taking its reciprocal. 

1 1 
Rogen = Gopen 0.45 mS 


= 2.2k0 


Resistor R; is open and must be replaced. 
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} Your ohmmeter indicates 9.6 kO between pin 2 and pin 3 on the PC board in Figure 


"6-57. Determine if this is correct and, if not, which resistor is open. 


Shorted Branches 


When a branch in a parallel circuit shorts, the current increases to an excessive value, caus- 
ing a fuse or circuit breaker to blow. This results in a difficult troubleshooting problem 
because it is hard to isolate the shorted branch. 

A pulser and a current tracer are tools often used to find shorts in a circuit. They are not 
restricted to use in digital circuits but can be effective in any type of circuit. The pulser is a 
pen-shaped tool that applies pulses to a selected point in a circuit, causing pulses of current 
to flow through the shorted path. The current tracer is also a pen-shaped tool that senses 
pulses of current. By following the current with the tracer, the current path can be identified. 


a eek 


what changes can be detected in the circuit’s voltage and 
the parallel circuit is across a constant-voltage source? 


istance if one branch opens? 
ted in parallel and one of the bulbs opens (burns out), 


ach branch of a parallel circuit. If one branch opens, 
le remaining branches? 

y has the following branch currents: 100 mA, 250 mA, 
t measures 350 mA, which branch is open? 


A Circuit Application 


In this application, a dc power supply is : ing for the meter to effectively measure higher currents than the 
modified by adding a 3-range ammeter maximum current for which the meter movement is designed. 
to indicate current to the load. As you 


have learned, parallel resistances can be The Power Supply 
used to extend the range of an ammeter. These parallel resistors, | A rack-mounted power supply is shown in Figure 6-58. The volt- 
called shunrs, bypass current around the meter movement, allow- : meter indicates the output voltage, which can be adjusted from 0 V 


® FIGURE 6-58 


Front panel view of a rack-mounted 
power supply. 


DC power supply 


» FIGURE 6-59 
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COM 


Basic block diagram of the dc power supply. 


to 10 V using the voltage control. The power supply is capable of 
providing up to 2 A to a load. A basic block diagram of the power 
supply is shown in Figure 6-59. It consists of a rectifier circuit that 
converts ac voltage from the wall outlet to de voltage and a regula- 
tor circuit that keeps the output voltage at a constant value. 


: one for 250 mA and one for 2.5 A full-scale deflections. The 


It is required that the power supply be modified by adding an am- } 
switch can vary with temperature, current, and usage and, 
therefore, cannot be relied upon to remain within a reason- 
: able tolerance of the specified value. Also, the switch is a 
make-before-break type, which means that contact with the 
previous position is not broken until contact with the new 
position is made. 


meter with three switch-selected current ranges of 25 mA, 250 mA, 
and 2.5 A. To accomplish this, two shunt resistances are used that 
can each be switched into a parallel connection with the meter 
movement. This approach works fine as long as the required values 
of the shunt resistors are not too small. However, there are problems 
at very low values of shunt resistance and you will see why next. 


The Shunt Circuit 


An ammeter is selected that has a full-scale deflection of 25 mA 


and a resistance of 6 (1*. Two shunt resistors must be added— 


internal meter movement provides the 25 mA range. This is 
shown in Figure 6—60. The range selection is provided by a 
1-pole, 3-position rotary switch with a contact resistance of 
50m. Contact resistance of switches can be from less than 
20 mQ to about 100 mQ. The contact resistance of a given 


The shunt resistance value for the 2.5 A range is deter- 


: mined as follows where the voltage across the meter move- 
; ment is 


Meter movement . 
25 mA, 62 


Vu = ImRy = (25mA)(6Q) = 150mV 


Oo 


» FIGURE 6-60 


Ammeter modified to provide three current ranges. 


Each contact has a 
50 m0 resistance. 


*See the Simpson model 1227 milliammeter at www.simpsonelectric.com. 
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The current through the shunt resistor for full-scale deflection is 
Isp = TEULL SCALE = Iu =2.5A — 25mA = 2.475A 
The total shunt resistance is 


Vu _ 150 mV 


R a = 60.6m0 
SH To 2A me 


Low-ohm precision resistors are generally available in values 
from 1 mQ, to 10 © or greater from various manufacturers. 
Notice in Figure 6-60 that the contact resistance, Rcont, of 


the switch appears in series with Rg}. Since the total shunt resis- ; 


tance must be 60.6 mQ, the value of the shunt resistor Rg} is 
Rsy2 = Rsracoy — Rcont = 60.6mQ. — 50mQ. = 10.6m2 
Although this value, or one close to it, may be available, the 
problem in this case is that the switch contact resistance is al- 
most twice that of Rsp2 and any variation in it would create a 
significant inaccuracy in the meter. As you can see, this ap- 
proach is not acceptable for these particular requirements. 


Another Approach 


A variation of the standard shunt resistance circuit is shown in 


Figure 6-61. The shunt resistor, Rs}, is connected in parallel for 


the two higher current range settings and disconnected for the 
25 mA setting using a 2-pole, 3-position switch. This circuit 
avoids dependency on the switch contact resistance by using re- 
sistor values that are large enough to make it insignificant. The 
disadvantages of this meter circuit are that it requires a more 
complex switch and the voltage drops from input to output are 
greater than in the previous shunt circuit. 

For the 250 mA range, the current through the meter move- 
ment for full-scale deflection is 25 mA. The voltage across the 
meter movement is 150 mV. 


Igy, = 250mA — 25mA = 225mA 
_ 150mV 
SH 225mA 


This value of Rey is more than thirty times the expected switch 
contact resistance of 20 mQ, thus minimizing the effect of the 
contact resistance. 


= 0.670 = 670m 


» FIGURE 6-61 


Meter circuit redesigned to eliminate 
or minimize the effect of switch con- 
tact resistance. The switch is a 2- 
pole, 3-position make-before-break 


rotary type. 


For the 2.5 A range, the current through the meter movement 
for full-scale deflection is still 25 mA. This is also the current 

; through R). 
Ig = 2.5A — 25mA = 2.475 A 

The voltage across the meter circuit from A to B is 

Vap = IsuRspy = (2.475 A)(670mQ) = 1.66 V 
Applying Kirchhoff’s voltage law and Ohm’s law to find R), 


: Vai + Vu = Vas 
Ver = Vag — Vm = 1.66V — 150mV = 1.51V 
V, al WY 
R, == = 6049 
Iu 25mA 


! This value is much greater than the contact resistance of the 
: Switch. 


} ®@ Determine the maximum power dissipated by Rgy in Figure 
: 6-61 for each range setting. 


; @ How much voltage is there from A to B in Figure 6-61 when 
: the switch is set to the 2.5 A range and the current is 1 A? 


® The meter indicates 250 mA. How much does the voltage 
across the meter circuit from A to B change when the switch 
is moved from the 250 mA position to the 2.5 A position? 


@ Assume the meter movement has a resistance of 4 © instead 
of 6 ©. Specify any changes necessary in the circuit of 
Figure 6-61. 


Implementing the Power Supply Modification 


Once the proper values are obtained, the resistors are placed on 
a board which is then mounted in the power supply. The resis- 
tors and the range switch are connected to the power supply as 
: shown in Figure 6-62. The ammeter circuit is connected be- 
tween the rectifier circuit in the power supply and the regulator 
circuit in order to reduce the impact of the voltage drop across 
: the meter circuit on the output voltage. The regulator main- 
tains, within certain limits, a constant dc output voltage even 
though its input voltage coming through the meter circuit may 

i change. 


Ammeter circuit 


120 V ac 
© 


» FIGURE 6-62 


A Circuit APPLICATION @ 211 


Block diagram of dc power supply with 3-range milliammeter. 


Figure 6-63 shows the modified power supply front panel 
with the rotary range switch and milliammeter installed. The red 
portion of the scale indicates excess current for the 2.5 A range 
since the power supply has a maximum current of 2 A for safe 
operation. 


Review 


1, When the meter is set to the 250 mA range, which resistance 
has the most current through it? 


E2 


i 3. 


‘5. 


~ FIGURE 6-63 


The power supply with the addition 
of the milliammeter and the current 
range selection switch. 


Determine the total resistance from A to B of the meter cir- 
cuit in Figure 6-61 for each of the three current ranges. 


Explain why the circuit in Figure 6-61 was used instead of 
the one in Figure 6-60. 


If the pointer is at the 15 and the range switch is set to 250 mA, 
what is the current? 


How much current is indicated by the ammeter in Figure 6-64 
for each of the three range switch settings in Figure 6-61? 


~ FIGURE 6-64 
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SUMMARY 


KEY TERMS 
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Resistors in parallel are connected between two points (nodes). 

A parallel combination has more than one path for current. 

The total parallel resistance is less than the lowest-value resistor. 

The voltages across all branches of a parallel circuit are the same. 

Current sources in parallel add algebraically. 

Kirchhoff’s current law: The sum of the currents into a junction (total current in) equals the sum 
of the currents out of the junction (total current out). 

The algebraic sum of all the currents entering and leaving a junction is equal to zero. 

A parallel circuit is a current divider, so called because the total current entering the junction of 
parallel branches divides up into each of the branches. 

If all of the branches of a parallel circuit have equal resistance, the currents through all of the 
branches are equal. 

The total power in a parallel-resistive circuit is the sum of all of the individual powers of the re- 
sistors making up the parallel circuit. 

The total power for a parallel circuit can be calculated with the power formulas using values of to- 
tal current, total resistance, or total voltage. 

If one of the branches of a parallel circuit opens, the total resistance increases, and therefore the 
total current decreases. 

If a branch of a parallel circuit opens, there is no change in current through the remaining 
branches. 


These key terms are also in the end-of-book glossary. 


FORMULAS 


Branch One current path in a parallel circuit. 


Current divider A parallel circuit in which the currents divide inversely proportional to the paral- 
lel branch resistances. 


Kirchhoff’s current law A circuit law stating that the total current into a node equals the total cur- 
rent out of the node. Equivalently, the algebraic sum of all the currents entering and leaving a node 
is zero. 


Node A point in a circuit at which two or more components are connected; also known as a 


Junction. 


Parallel The relationship in electric circuits in which two or more current paths are connected be- 
tween two separate nodes. 


6-1 Dna) + ftnay + °° + + Finan Kirchhoff’s current law 
= Ioura + Fourgy +°* + + loure 
1 
6-2 Ry = Total i 
T ( 7 ( 7 1 1 otal parallel resistance 
—J)+(—}4+(—} +---+ [— 
Ry R2 R, R, 
RR? : 
6-3 R= Special case for two resistors 
R, + R, ' 
in parallel 
R : 
6-4 Ry; = = Special case for n equal-value 
resistors in parallel 
R 
6-5 = 


R, = Ry Re Unknown parallel resistor 
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R 
6-6 i= (Ft) General current-divider formula 
x, 
R, ane 
6-7 = |=}; Two-branch current-divider formula 
R, + R2 
6-8 h=( m) Two-branch t-divider formul 
2 = R, +R IT wo-branch current-divider formula 
6-9 Py = Py + Po + P37 +--+ P, Total power 
1 
6-10 R en = a ae Open branch resistance 


Gicatc) — Gameas) 


at the end of the chapter. 


Ina parallel circuit, each resistor has 


(a) the same current (b) the same voltage 

(c) the same power (d) all of the above 

When a 1.2 kQ resistor and a 100 © resistor are connected 1n parallel, the total resistance is 
(a) greater than 1.2kOQ 

(b) greater than 100 © but less than 1.2kQ. 

(c) less than 100 © but greater than 90 0 

(d) less than 90 0, 


A 330 C1 resistor, a 270 C resistor, and a 68 (C resistor are all in parallel. The total resistance is 
approximately 


(a) 668 0 (b) 470 (c) 68.0 (d) 220, 

Eight resistors are in parallel. The two lowest-value resistors are both 1.0 kQ.. The total resistance 
(a) is less than 8kO (b) is greater than 1.0kQ 

(c) is less than 1.0kQ (d) is less than 500 0 

When an additional resistor is connected across an existing parallel circuit, the total resistance 
(a) decreases (b) increases 


(c) remains the same (d) increases by the value of the added resistor 


. If one of the resistors in a parallel circuit is removed, the total resistance 


(a) decreases by the value of the removed resistor (b) remains the same 
(c) increases (d) doubles 


One current into a junction is 500 mA and the other current into the same junction is 300 mA. 
The total current out of the junction is 


(a) 200 mA (b) unknown (c) 800 mA (d) the larger of the two 


8. The following resistors are in parallel across a voltage source: 390 0, 560 ©, and 820 ©. The 
resistor with the least current is 
(a) 390 0 (b) 5600 
(c) 8200 (d) impossible to determine without knowing the voltage 
9. A sudden decrease in the total current into a parallel circuit may indicate 
(a) a short (b) an open resistor 
(c) a drop in source voltage (d) either (b) or (c) 


10. 


11. 


In a four-branch parallel circuit, there are 10 mA of current in each branch. If one of the 
branches opens, the current in each of the other three branches is 

(a) 13.3mA (b) 10mA (c) OA (d) 30mA 

In a certain three-branch parallel circuit. R; has 10 mA through it, Ry has 15 mA through it, 
and R3 has 20 mA through it. After measuring a total current of 35 mA, you can say that 
(a) R; is open (b) Ro is open 

(c) R3 is open (d) the circuit is operating properly 
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12. If there are a total of 100 mA into a parallel circuit consisting of three branches and two of the 


13. 


14. 


DYNAMICS 


An 


branch currents are 40 mA and 20 mA, the third branch current is 
(a) 60mA (b) 20 mA (c) 160 mA (d) 40mA 


A complete short develops across one of five parallel resistors on a PC board. The most likely 
result is 


(a) the shorted resistor will burn out 

(b) one or more of the other resistors will burn out 

(c) the fuse in the power supply will blow 

(d) the resistance values will be altered 

The power dissipation in each of four parallel branches is | W. The total power dissipation is 
(a) 1W (b) 4W (c) 0.25 W (d) 16W 


swers are at the end of the chapter. 


Refer to Figure 6-68. 


1. If R, opens with the switch in the position shown, the voltage at terminal A with respect to 


ground 


(a) increases (b) decreases (c) stays the same 


2. If the switch is thrown from position A to position B, the total current 


(a) increases (b) decreases (c) stays the same 


3. If R4 opens with the switch in position C, the total current 


(a) increases (b) decreases (c) stays the same 


4. If a short develops between B and C while the switch is in position B, the total current 
(a) increases (b) decreases (c) stays the same 
Refer to Figure 6—74(b). 
5. If Rz opens, the current through R) 


6. 


(a) increases (b) decreases (c) stays the same 
If R3 opens, the voltage across it 


(a) increases (b) decreases (c) stays the same 


7. If R, opens, the voltage across it 
(a) increases (b) decreases (c) stays the same 
Refer to Figure 6-75. 
8. If the resistance of the rheostat R2 is increased, the current through R, 
(a) increases (b) decreases (c) stays the same 
9. If the fuse opens, the voltage across the rheostat R2 
(a) increases (b) decreases (c) stays the same 
10. If the rheostat Rz develops a short between the wiper and ground, the current through it 
(a) increases (b) decreases (c) stays the same 
Refer to Figure 6—79. 
11. If the 2.25 mA source opens while the switch is in position C, the current through R 
(a) increases (b) decreases (c) stays the same 
12. If the 2.25 mA source opens while the switch is in position B, the current through R 
(a) increases (b) decreases (c) stays the same 
Refer to Figure 6-87. 
13. 


If pins 4 and 5 are shorted together, the resistance between pins 3 and 6 
(a) increases (b) decreases (c) stays the same 
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14. If the bottom connection of R) is shorted to the top connection of Rs, the resistance between 
pins 1 and 2 


(a) increases (b) decreases (c) stays the same 
15. If R7 opens, the resistance between pins 5 and 6 


(a) increases (b) decreases (c) stays the same 


2 More difficult problems are indicated by an asterisk (’). 
Answers to odd-numbered problems are at the end of the book. 


SECTION 6-1 _ Resistors in Parallel 


1. Show how to connect the resistors in Figure 6—65(a) in parallel across the battery. 


2. Determine whether or not all the resistors in Figure 6—65(b) are connected in parallel on the 
printed circuit (PC) board. 


*3. Identify which groups of resistors are in parallel on the double-sided PC board in Figure 6-66. 


R 
ip o—\\\—o 
tl 
.= Vy Ry Zs 
ae. 
= o—\\\—0 
(a) 


(b) 


» FIGURE 6-65 


(2 3 4S 6 6 a 4° 372 i 
Side | Side 2 


A FIGURE 6-66 
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SECTION 6-2 Voltage in a Parallel Circuit 


4. What is the voltage across and the current through each parallel resistor if the total voltage is 
12 V and the total resistance is 550 ©? There are four resistors, all of equal value. 


§. The source voltage in Figure 6-67 is 100 V. How much voltage does each of the meters read? 


p> FIGURE 6-67 


6. What is the total resistance of the circuit as seen from the voltage source for each position of 
the switch in Figure 6-68? 
7. What is the voltage across each resistor in Figure 6-68 for each switch position? 


8. What is the total current from the voltage source in Figure 6-68 for each switch position? 


= Ry R; 
pv 18kO 22kO 


» FIGURE 6-68 


SECTION 6-3 Kirchhoff’s Current Law 
9. The following currents are measured in the same direction in a three-branch parallel circuit: 
250 mA, 300 mA, and 800 mA. What is the value of the current into the junction of these three 
branches? 


10. There is a total of 500 mA of current into five parallel resistors. The currents through four of 
the resistors are 50 mA, 150 mA, 25 mA, and 100 mA. What is the current through the fifth 


resistor? 
11. In the circuit of Figure 6-69, determine the resistance Rj, R3, and Ry. 


» FIGURE 6-69 


*12. The electrical circuit in a room has a ceiling lamp that draws 1.25 A and four wall outlets. Two 
table lamps that each draw 0.833 A are plugged into two outlets, and an electric heater that 
draws 10 A is connected to the third outlet. When all of these items are in use, how much current 
is in the main line serving the room? If the main line is protected by a 15 A circuit breaker, how 
much current can be drawn from the fourth outlet? Draw a schematic of this wiring. 


*13. The total resistance of a parallel circuit is 25 Q.. What is the current through a 220 2 resistor 
that makes up part of the parallel circuit if the total current is 100 mA? 


® FIGURE 6-70 


® FIGURE 6-73 
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SECTION 6-4 Total Parallel Resistance 


14. The following resistors are connected in parallel: 1.0 MQ, 2.2 MQ, 5.6MQ, 12 MQ, and 
22 MQ. Determine the total resistance. 


15. Find the total resistance for each of the following groups of parallel resistors: 
(a) 560 2 and 1000 02 (b) 47 © and 560 
(c) 1.5k0, 2.2k0, 10k (d) 1.0MQ, 470kQ, 1.0kQ, 2.7MQ 
16. Calculate Ry for each circuit in Figure 6-70. 


O oO 
R 1 
R, Ro 27kO. R, 
560 © 2200 ae 
© o— 
(a) b) 


( (c) 


15kQ 2.2kO 


17. What is the total resistance of twelve 6.8 k©. resistors in parallel? 


18. Five 470 Q, ten 1000 ©, and two 100 © resistors are all connected in parallel. What is the total 
resistance for each of the three groupings? 


19. Find the total resistance for the entire parallel circuit in Problem 18 
20. If the total resistance in Figure 6-71 is 389.2 ©, what is the value of R? 


» FIGURE 6-71 2 


21. What is the total resistance between point A and ground in Figure 6-72 for the following 


conditions? 
(a) SW1 and SW2 open (b) SWI closed, SW2 open 
(c) SWI open, SW2 closed (d) SW1 and SW2 closed 
» FIGURE 6-72 A 
SWI SW2 
R, Ry R; 
$10 kO 470 kO 910 kO 


SECTION 6-5 Application of Ohm’s Law 
22. What is the total current in each circuit of Figure 6-73? 
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23. Three 33 © resistors are connected in parallel with a 110 V source. What is the current from 
the source? 


24, Four equal-value resistors are connected in parallel. Five volts are applied across the parallel 
circuit, and 1.11 mA are measured from the source. What is the value of each resistor? 


25. Many types of decorative lights are connected in parallel. If a set of lights is connected to a 
110 V source and the filament of each bulb has a hot resistance of 2.2 kQ., what is the current 
through each bulb? Why is it better to have these bulbs in parallel rather than in series? 


26. Find the values of the unspecified labeled quantities in each circuit of Figure 6-74. 


+ 
ee OW. 
Ry [4s 
aie pie = 
100 mA = Lh 


(a) ; (b) 


» FIGURE 6-74 


27. To what minimum value can the 100 © rheostat in Figure 6-75 be adjusted before the 0.5 A 
fuse blows? 


» FIGURE 6-75 


28. Determine the total current from the source and the current through each resistor for each 
switch position in Figure 6-76. 


ae 
7 il 


» FIGURE 6-76 


PROBLEMS 
29. Find the values of the unspecified quantities in Figure 6-77. 


» FIGURE 6-77 


1.2k0, 


fy 


100 V 


ia . 


SECTION 6-6 Current Sources in Parallel 


+ 


30. Determine the current through R, in each circuit in Figure 6-78. 


mODOms. OO s0 tS 
Ry 
(a) (b) (c) 


« FIGURE 6-78 


Sd 


31. Find the current through the resistor for each position of the ganged switch in Figure 6-79. 
» FIGURE 6-79 


475 mA 


SECTION 6-7 Current Dividers 


32. How much branch current should each meter in Figure 6-80 indicate? 
» FIGURE 6-80 


Ri 
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33 Determine the current in each branch of the current dividers of Figure 6-81 


10mA 


A FIGURE 6-81 


34, What is the current through each resistor in Figure 6-82? R is the lowest-value resistor. and all 
others are multiples of that value as indicated. 


> FIGURE 6-82 +0 
10 mA 
4R 
-O 


35. Determine all of the resistor values in Figure 6-83. Rp = 773 0. 


A FIGURE 6-83 


*36. (a) Determine the required value of the shunt resistor Rsy; in the ammeter of Figure 6-49 if 
the resistance of the meter movement is 50 Q. 


(b) Find the required value for Rgy in the meter circuit of Figure 6-50 (Ry = 50 ©). 


*37. Special shunt resistors designed to drop SO mV in high current-measuring applications are 
available from manufacturers. A 50 mV, 10 kQ) full-scale voltmeter is connected across the 
shunt to make the measurement. 

(a) What value of shunt resistance is required to use a 50 mV meter in a 50 A measurement 
application? 


(b) How much current is through the meter? 


SECTION 6-8 Power in Parallel Circuits 
38. Five parallel resistors each handle 250 mW. What is the total power? 
39. Determine the total power in each circuit of Figure 6-81. 


40. Six light bulbs are connected in parallel across 110 V. Each bulb is rated at 75 W. What is the 
current through each bulb, and what is the total current? 
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*41. Find the values of the unspecified quantities in Figure 6-84. 


» FIGURE 6-84 


*42. A certain parallel circuit consists of only 4 W resistors. The total resistance is 1.0kQ, and the 
total current is 50 mA. If each resistor is operating at one-half its maximum power level, deter- 
mine the following: 


(a) The number of resistors (b) The value of each resistor 


(c) The current in each branch (d) The applied voltage 


SECTION 6-10 Troubleshooting 


43. If one of the bulbs burns out in Problem 40, how much current will be through each of the 
remaining bulbs? What will the total current be? 


44. In Figure 6-85, the current and voltage measurements are indicated. Has a resistor opened, 
and, if so, which one? 


A FIGURE 6-85 


45. What is wrong with the circuit in Figure 6-86? 
46. What is wrong with the circuit in Figure 6-86 if the meter reads 5.55 mA? 


» FIGURE 6-86 


25'V 
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*47, Develop a test procedure to check the circuit board in Figure 6-87 to make sure that there are 
no open components. You must do this test without removing a component from the board. List 
the procedure in a detailed step-by-step format. 


*48. For the circuit board shown in Figure 6-88, determine the resistance between the following 
pins if there is a short between pins 2 and 4: 


(a) 1 and 2 (b) 2 and 3 (ce) 3 and 4 (d) land 4 


*49_ For the circuit board shown in Figure 6-88, determine the resistance between the following 
pins if there is a short between pins 3 and 4: 


(a) land 2 (b) 2 and3 (ce) 2 and 4 (d) 1 and4 


Pin | 


Pin 2 


123456 


Pin 3 


Pin 4 


» FIGURE 6-87 A FIGURE 6-88 


Multisim Troubleshooting and Analysis 
a) These problems require your Multisim CD-ROM. 
50. Open file P06-50 and measure the total parallel resistance. 
51. Open file P06-51. Determine by measurement if there is an open resistor and, if so, which one. 
52. Open file P06-52 and determine the unspecified resistance value. 
53. Open file P06-53 and determine the unspecified source voltage. 
54. Open file P06-54 and find the fault if there is one. 


SECTION REVIEWS 


SECTION 6-1 _ Resistors in Parallel 


1. Parallel resistors are connected between the same two separate points. 


2. A parallel circuit has more than one current path between two given points. 
3. See Figure 6-89, 
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(a) 


4 FIGURE 6-89 


4. See Figure 6-90. 


» FIGURE 6-90 


SECTION 6-2 Voltage in a Parallel Circuit 
1. Vion = V20 = 5V 
2. Vro = 118 V;Vs = 118 V 
3. Vp; = SOV and Vp2 = SOV 
4. Voltage is the same across all parallel branches. 


SECTION 6-3  Kirchhoff’s Current Law 


1. Kirchhoff’s law: The algebraic sum of all the currents at a junction is zero; The sum of the 
currents entering a junction equals the sum of the currents leaving that junction. 


2h =h=h=h=25mA 
3. Input = 100mA + 300mA = 400mA 

4.1, =; -h=3pA 

5. In = 8mA — ImA = 7mAsIgu7 = 8mA — 3mA = 5mA 


SECTION 6-4 Total Parallel Resistance 
1. R; decreases with more resistors in parallel. 
2. The total parallel resistance ts less than the smallest branch resistance. 
1 
C1/R)) + (1/R2) +---+ C/Rn) 
4. Ry = RyR2(R, + Ro) 
5. Ry = Rin 
6. Rp = (1.0k0)2.2k0)/3.2kO, = 688 ©. 
7. Ry = 10kO/4 = 2500 
Rr J 
1/470 + 1/1500 + 1/1000 


3. Ry = 


8. 


= 2640, 
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SECTION 6-5 Application of Ohm’s Law 
L. Ie = 10V/22.70 = 44.1mA 
2. Vs = (20mA)(222 0) = 4.44V 
3. I, = 4.44. V/680 O = 6.53mA;]5 = 4.44V/3300 = 13.5mA 
4. Ry = 12 V/5.85mA = 2.05kO; R = (2.05k0)(4) = 8.2k0 
5. V = (100 mA)(688 2.) = 68.8 V 


SECTION 6-6 Current Sources in Parallel 
1. ly = 4(0.5A) = 2A 
2. Three sources; See Figure 6-91. 
3. Ip, = 10mA + 10mA = 20mA 


® FIGURE 6-91 


SECTION 6—7 Current Dividers 
1. if = (Rp/R lt 


De || Ra ) | Bi ) 
TE Ribas! «= Ce 


3. The 22kQ has the most current; the 220 kO has the least current 
4. I, = (680 0/1010 0)10mA = 6.73 mA; kh = (330 0/1010 O)10 mA = 3.27mA 
5. I, = (114 0/470 0)4 mA = 970 pA 


SECTION 6-8 Power in Parallel Circuits 
1. Add the power of each resistor to get total power. 
2. Py = 238mW + 512mW + 109mW + 876mW = 1.74 W 
3. Py = (1 A)*(615 Q) = 615 W 


SECTION 6-9 Parallel Circuit Applications 
1. Rmax = 50 03 Imax = 1 mA 


2. Rsy is less than Ry because the shunt resistors must allow currents much greater than the 
current through the meter movement. 


SECTION 6-10 Troubleshooting 
1. When a branch opens, there is no change in voltage; the total current decreases. 
2. If a branch opens, total parallel resistance increases. 
3. The remaining bulbs continue to glow. 
4. All remaining branch currents are 100 mA. 
5. The branch with 120 mA is open. 


A Circuit Application 
1. Rsy has the most current. 
2. 25 mA range: Rap = Ry = 60. 
250 mA range: Rag = Ry || Roy = 6 0 || 670m. = 603 mO 
2.5 A range: Rag = (Ry + Ry) || Rs = (60.42 + 6Q) || 670mQ = 
66.4 0 || 670mQ = 663mQ 


ANSWERS 


3. The meter circuit in Figure 6-61 negates the effect of the switch contact resistance. 


4. 150mA 

5. 25 mA range: 7.5 mA 
250 mA range: 75 mA 
2.5 A range: 750 mA 


RELATED PROBLEMS FOR EXAMPLES 
6-1 See Figure 6-92. 


® FIGURE 6-92 


6-2 Connect pin | to pin 2 and pin 3 to pin 4. 
6-3 25V 

6-4 20 mA into node A and out of node B 
6-5 I, = 112mA,b = 5OmA 

6-6 2.5mA;5mA 

6-7 9.330, 

6-8 1320 

6-9 40 

6-10 10440 

6-11 1.83 mA; 1 mA 

6-12 1, = 20mA; 2) = 9.09 mA; 13 = 35.7 mA, 14 = 22.0mA 
6-13 1.28 V 


ce PRR 
ER RRR RE RR E e 
BOe eR RRR Eee 
Sere eee 
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6-14 Measure Ry with an ohmmeter and calculate R; using R; = 1/[(1/Ry) — (1/R2) — (1/R3)] 


6-15 30mA 

6-16 J, = 3.27 mA: lh = 6.73mA 

6-17 1, = 59.4mA; lh = 40.6mA 

6-18 1.78 W 

6-19 81W 

6-20 0.0347 nA 

6-21 154mA 

6-22 Not correct, Rjo (68 kQ) must be open. 


SELF-TEST 
1. (&) 2 306) 4@ 45a 60 
9. (d) 10.) I@ 12@ B© 14) 


CIRCUIT DYNAMICS QUIZ 
1. (c) 2. (a) 3. (c) 4. (a) 5. (c) 6. (©) 
9. (b) 10. (c) 11. (b) 12. (c) 13. (a) 14. (c) 


7. (c) 


7. (c) 
15. (a) 


8. (c) 


8. (c) 
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Identifying Series-Parallel Relationships 
Analysis of Series-Parallel Resistive Circuits 
Voltage Dividers with Resistive Loads 
Loading Effect of a Voltmeter 
Ladder Networks 
7-6 The Wheatstone Bridge 
7-7 Troubleshooting 

A Circuit Application 


Identify series-parallel relationships 

Analyze series-parallel circuits 

Analyze loaded voltage dividers 

Determine the loading effect of a voltmeter on a circuit 
Analyze ladder networks 

Analyze and apply a Wheatstone bridge 

Troubleshoot series-parallel circuits 


Bleeder current 
» Wheatstone bridge 
» Balanced bridge 
» Unbalanced bridge 


In the circuit application, you will learn how a Wheatstone 
bridge in conjunction with a thermistor can be used in a 
temperature-control application. The circuit in this applica- 
tion is designed to turn a heating element on and off in 
order to keep the temperature of a liquid in a tank at a 

. desired level. 


‘VISIT THE COMPANION WE 
Study aids and supplementary materials for this chapter are 
available at http://www.prenhall.com/floyd 


In Chapters 5 and 6, series circuits and parallel circuits were 
studied individually. In this chapter, both series and parallel 
resistors are combined into series-parallel circuits. In many 
practical situations, you will have both series and parallel 
combinations within the same circuit, and the analysis 
methods you learned for series circuits and for parallel 
circuits will apply. 

Important types of series-parallel circuits are introduced 
in this chapter. These circuits include the voltage divider 
with a resistive load, the ladder network, and the Wheat- 
stone bridge. 

The analysis of series-parallel circuits requires the use of 
Ohmm’s law, Kirchhoff’s voltage and current laws, and the 
methods for finding total resistance and power that you 
learned in the last two chapters. The topic of loaded voltage ‘ 
dividers is important because this type of circuit is found in > 
many practical situations. One example is the voltage-divider — 
bias circuit for a transistor amplifier, which you will study in a 
a later course. Ladder networks are important in several | 
areas, including a major type of digital-to-analog conversion, ‘4 
which you will study in a digital fundamentals course. The 
Wheatstone bridge is used in many types of systems for the ag, 
measurement of unknown parameters, including most elec- 
tronic scales. . 
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J—1 IDENTIFYING SERIES-PARALLEL RELATIONSHIPS 


A series-parallel circuit consists of combinations of both series and parallel current 
paths. It is important to be able to identify how the components in a circuit are 
arranged in terms of their series and parallel relationships. 


After completing this section, you should be able to 
« Identify series-parallel relationships 
« Recognize how each resistor in a given circuit is related to the other resistors 


« Determine series and parallel relationships on a PC board 


Figure 7—1(a) shows an example of a simple series-parallel combination of resistors. 
Notice that the resistance from point A to point B is R;. The resistance from point B to point 
C is R, and R; in parallel (R> || R3). The total resistance from point A to point C is Ry in 
series with the parallel combination of Rz and R3, as indicated in Figure 7—1(b). 


R, is in 
series 
with Rp li R3. 


R, B B R, 
A Ao 
R, 
Ry Rs 
Co Co 
(a) (b) 
» FIGURE 7-1 


A simple series-parallel resistive circuit. 


When the circuit of Figure 7—1(a) is connected to a voltage source as shown in Figure 
7-l(c), the total current is through R; and divides at point B into the two parallel paths. 
These two branch currents then recombine, and the total current is into the negative source 
terminal as shown. 

Now, to illustrate series-parallel relationships, let’s increase the complexity of the cir- 
cuit in Figure 7—1(a) step-by-step. In Figure 7—2(a), another resistor (R4) is connected in 
series with R,. The resistance between points A and B is now R, + Ry, and this combina- 
tion is in series with the parallel combination of Rz and R3, as illustrated in Figure 7—2(b). 


R, + Rg is in series 
if with R, Il R3. a 


co 
(a) 


» FIGURE 7-2 


Rg is added to the circuit in series with R,. 
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In Figure 7—3(a), Rs is connected in series with R2. The series combination of R and Rs5 
is in parallel with R3. This entire series-paralle! combination is in series with the series 
combination of R; and Ry, as illustrated in Figure 7—3(b). 


Ry and R, 


are in Series. 


Beige groups 
are in Series. | 


(b) Blue groups 
are in parallel. 


» FIGURE 7-3 
R, is added to the circuit in series with R. 


In Figure 7—4(a), Rg is connected in parallel with the series combination of R, and R4. 
The series-parallel combination of R,, R4, and R¢ is in series with the series-parallel com- 
bination of R2, R3, and Rs, as indicated in Figure 7—4(b). 


Beige groups 
are In series. 


Blue groups 


are in parallel. ) 
B 


RR, R 


R, and R, 


are in series. Ry 


» FIGURE 7-4 
Rg is added to the circuit in parallel with the series combination of R; and Ra. 


mships in Figure 7—5. 


R 
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Starting at the positive terminal of the source, follow the current paths. All of the cur- 
rent produced by the source must go through R}, which is in series with the rest of the 
circuit. 

The total current takes two paths when it gets to node A. Part of it is through Ro, 
and part of it is through R3. Resistors R2 and R3 are in parallel with each other, and 
this parallel combination is in series with Rj. 

At node B, the currents through R2 and R3 come together again. Thus, the total cur- 
rent is through R4. Resistor R, is in series with R, and the parallel combination of R2 
and R3. The currents are shown in Figure 7-6, where /; is the total current. 


FIGURE 7-6 


In summary, R, and Ry, are in series with the parallel combination of Rz and R3 as 
stated by the following expression: 


R; + Rp || R3 + Ry 


If another resistor, Rs, is connected from node A to the negative side of the source in 
Figure 7—6, what is its relationship to the other resistors? 


*Answers are at the end of the chapter. 


Solution 
Related Problem 
EXAMPLE 7-2 
Solution 


Identify the series-parallel relationships in Figure 7—7. 


FIGURE 7-7 FIGURE 7-8 


Sometimes it is easier to see a particular circuit arrangement if it is drawn in a different 
way. In this case, the circuit schematic is redrawn in Figure 7-8, which better illustrates 
the series-parallel relationships. Now you can see that R2 and R3 are in parallel with 
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Related Problem 


EXAMPLE 7-3 


Solution 


Related Problem 


each other and also that R4 and Rs are in parallel with each other. Both parallel combi- 
nations are in series with each other and with R, as stated by the following expression: 


Ry + Ry || R3 + Rall Rs 


If a resistor is connected from the bottom end of R3 to the top end of Rs; in Figure 7-8, 
what effect does it have on the circuit? 


Describe the series-paralle! combination between terminals A and D in Figure 7-9. 


FIGURE 7-9 


Between nodes B and C, there are two parallel paths. The lower path consists of Ry, 
and the upper path consists of a series combination of Rz and R3. This parallel combi- 
nation is in series with Rs. The Ro, R3, R4, Rs combination is in parallel with Rg. Re- 
sistor R, is in series with this entire combination as stated by the following expression: 


R, + Rol] (Rs + Ral] (Ro + R3)) 


If a resistor is connected from C to D in Figure 7—9, describe its parallel relationship. 


EXAMPLE 7-4 


Solution 


Describe the total resistance between each pair of terminals in Figure 7-10. 


FIGURE 7-10 


1. From A to B: R; is in parallel with the series combination of Rp and R3. 
R; || (Ry + R3) 

2. From A to C: Rz is in parallel with the series combination of R; and Ro. 
R3 || (Ry + Ro) 

3. From B to C: R; is in parallel with the series combination of Ry and R3. 


Rp || (Ri + R3) 
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Related Problem In Figure 7-10, describe the total resistance between each terminal and an added 
ground if a new resistor, R4, is connected from C to ground. None of the existing resis- 
tors connect directly to the ground. 


Usually, the physical arrangement of components on a PC or protoboard bears no resem- 
blance to the actual circuit relationships. By tracing out the circuit and rearranging the compo- 
nents On paper into a recognizable form, you can determine the series-parallel relationships. 


EXAMPLE 7-5 Determine the relationships of the resistors on the PC board in Figure 7-11 


FIGURE 7-11 


Solution In Figure 7—12(a), the schematic is drawn in the same arrangement as that of the resis- 
tors on the board. In part (b), the resistors are rearranged so that the series-parallel re- 
lationships are more obvious. Resistors R; and Rg are in series; Ry + Rg is in parallel 
with Ro; Rs and R¢ are in parallel and this combination is in series with R3. The R3, Rs, 
and Rg series-parallel combination is in parallel with both R2 and the R, + Rg combi- 
nation. This entire series-parallel combination is in series with R7. Figure 7—12(c) il- 
lustrates these relationships. Summarizing in equation form, 


Rap = (Rs || Re + Rs) || Ro || (Ri + Ra) + Ry 


Blue groups White groups 
are in parallel. _are in series. 


R3 


Re Rs and Re 
are 1n 
parallel. 


Ry Beige groups 
are in series. 


FIGURE 7-12 


Related Problem If Rs were removed from the circuit, what would be the relationship of R3 and Rg? 
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is described as follows: R, and R) are in parallel. This 
1 another parallel combination of R3 and Ry. 


describe the series-paralle! relationships of the resistors. 


lin Figure 7~14? 
~ ee 
Ao 
E ee 
Bo 
FIGURE 7-14 


in Figure 7-15. 
Figure 7-15 in series? 


R, 


7—2 ANALYSIS OF SERIES-PARALLEL RESISTIVE CIRCUITS 


The analysis of series-parallel circuits can be approached in many ways, depending on 
what information you need and what circuit values you know. The examples in this 
section do not represent an exhaustive coverage, but they give you an idea of how to 
approach series-parallel circuit analysis. 


After completing this section, you should be able to 
¢ Analyze series-parallel circuits 
¢ Determine total resistance 
¢ Determine all the currents 


« Determine all the voltage drops 


If you know Ohm’s law, Kirchhoff’s laws, the voltage-divider formula, and the current- 
divider formula, and if you know how to apply these laws, you can solve most resistive cir- 
cuit analysis problems. The ability to recognize series and parallel combinations is, of 
course, essential. A few circuits, such as the unbalanced Wheatstone bridge, do not have 
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basic series and parallel combinations. Other methods are needed for these cases, as we 
will discuss later. 


Total Resistance 


In Chapter 5, you learned how to determine total series resistance. In Chapter 6, you learned 
how to determine total parallel resistance. To find the total resistance (Ry) of a series-parallel 
combination, simply define the series and parallel relationships; then perform the calculations 
that you have previously learned. The following two examples illustrate this general approach 


EXAMPLE 7-6 Determine Ry of the circuit in Figure 7-16 between terminals A and B. 


FIGURE 7-16 | 


Solution First, calculate the equivalent parallel resistance of R and R3. Since Ry and R3 are 
equal in value, you can use Equation 6-4. 


R_ 1000 
Ro = 7 = 500 


Notice that the term R1)3 is used here to designate the total resistance of a portion of a 
circuit in order to distinguish it from the total resistance, Ry, of the complete circuit. 
Now, since R; is in series with R23, add their values as follows: 


Ry = R, + Rois = 100 +500 = 600, 


Related Problem Determine Ry in Figure 7-16 if R3 is changed to 82 ©. 


EXAMPLE 7-7 Find the total resistance between the positive and negative terminals of the battery in 
Figure 7-17. 


+ 
T 


FIGURE 7-17 
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Solution 


Related Problem 


In the upper branch, R> is in series with R3. This series combination is designated 
R543 and is equal to Rp + R3. 
Ro43 = Ro + R3 = 4704+ 470 = 940 
In the lower branch, R, and Rs are in parallel with each other. This parallel combi- 
nation is designated Ry\s. 
RaRs (68. (39 OD) 


= =27480 
Pak.) 680 + 390 


Rais = 


Also in the lower branch, the parallel combination of Ry and Rs is in series with Rg. 
This series-parallel combination is designated R4j\5 +6. 
Rals+6 = Re ge Ralls = 750, + 2480 = 99.80 


Figure 7-18 shows the original circuit in a simplified equivalent form. 


Rays 


94.0, 


100} Raises 


+ 
i= 
FIGURE 7-18 


Now you can find the equivalent resistance between A and B. It is R243 in parallel 
with R4\\54.6- Calculate the equivalent resistance as follows: 
] 1 
OO — —__________— = 48 4 () 
ot 1 1 1 


== 2) reese 
R43 Rasi6 940, 99.8 0 


Finally, the total resistance is R, in series with Rap. 


Ry = R, ae Rap = 100 0 + 48.40 = 148.4 0, 


Determine Ry if a 68 ( resistor is added in parallel from A to B in Figure 7-17. 


Total Current 


Once you know the total resistance and the source voltage, you can apply Ohm’s law to find 
the total current in a circuit. Total current is the source voltage divided by the total 


resistance. 


For example, assuming that the source voltage is 30 V, the total current in the circuit of Ex- 


ample 7—7 (Figure 7-17) is 


Vs 30V 


= S$ — = 202 
i ian oO 


ay 
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Branch Currents 


Using the current-divider formula, Kirchhoff’s current law, Ohm’s law, or combinations 
of these, you can find the current in any branch of a series-parallel circuit. In some 
cases, it may take repeated application of the formula to find a given current. The fol- 
lowing two examples will help you understand the procedure. (Notice that the sub- 
scripts for the current variables (J) match the R subscripts; for example, current through 
R, is referred to as 1.) 


EXAMPLE 7-8 Find the current through R> and the current through R3 in Figure 7-19. 


FIGURE 7-19 


Solution First, identify the series and parallel relationship. Next, determine how much current is 
into node A. This is the total circuit current. To find /7, you must know Rr. 


RoR3 (2.2kO)(3.3 kQ) 
esse eee OK) te KO) + 1.32kK0 = 2.32k0 
RS ER: p 22k2 +33Ka °° = 
Vs DON 
= > = >—— = 948 mA 
i Re 32k a 
Use the current-divider rule for two branches as given in Chapter 6 to find the cur- 
rent through Rp. 
R; 3.3k0 
b= r= 948mA = 5.69mA 
L (= n =) Z (3 *) + = 


Now you can use Kirchhoff’s current law to find the current through R3. 
Ir = 10) ar iL 
iL, = ir a bh = 948 mA — 5.69mA = 3.79mA 


Related Problem A 4.7kQ resistor is connected in parallel with R3 in Figure 7-19. Determine the cur- 
rent through the new resistor. 


- Use Multisim file E07-08 to verify the calculated results in this example and to con- 
a) firm your calculation for the related problem 
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EXAMPLE 7-9 Determine the current through R, in Figure 7-20 if Vs = SOV. 


FIGURE 7-20 


Vs 4] 


Solution First, find the current (/>) into node B. Once you know this current, use the current- 

divider formula to find J,, the current through Ry. 
Notice that there are two main branches in the circuit. The left-most branch consists 
of only R;. The right-most branch has R> in series with the parallel combination of R3 
and R,4. The voltage across both of these main branches is the same and equal to 50 V. 
Calculate the equivalent resistance (R+3\4) of the right-most main branch and then 
apply Ohm’s law; /, is the total current through this main branch. Thus, 
R3R, (330 0)(560 O) 


ao 5338 2 
mon, °° 890 0 : 


Vs 50V 

h= = —— = 933mA 

2 Rossa 538.0 

Use the two-resistor current-divider formula to calculate 14. 


R3 330.0 
I, = (——— }h = | ——~ ]93 mA = 34.5 mA 
: ‘game (son) 9 


Ro+34 = Ro + 


Related Problem Determine the current through R, and R3 in Figure 7—20 if Vs = 20 V. 


Voltage Drops 


To find the voltages across certain parts of a series-parallel circuit, you can use the voltage- 
divider formula given in Chapter 5, Kirchhoff’s voltage law, Ohm’s law, or combinations 
of each. The following three examples illustrate use of the formulas. (The subscripts for V 
match the subscripts for the corresponding R: Vj is the voltage across Ry; V2 is the voltage 


across Ro, etc.) 


EXAMPLE 7-10 Determine the voltage drop from node A to ground in Figure 7—21. Then find the volt- 
age (V;) across Ry. 


FIGURE 7-21 
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Solution Note that Ro and R3 are in parallel in this circuit. Since they are equal in value, their 
equivalent resistance from node A to ground is 


560 0 


In the equivalent circuit shown in Figure 7—22, R, is in series with R4. The total circuit 
resistance as seen from the source is 


Rr = R, + Rg = 1500 + 2800 = 4300 


FIGURE 7-22 


150 9, 


Use the voltage-divider formula to find the voltage across the parallel combination 
of Figure 7-21 (between node A and ground). 


R, 280 © 
= Gal = Gy = 52.1V 


Now use Kirchhoff’s voltage law to find Vj. 
Vs = Vi aE Va 
V, = Vs — V4 = 80V — 52.1 V = 27.9 V 
Related Problem Determine Vy and V, if R, is changed to 220 © in Figure 7-21. 


P Use Multisim file E07-10 to verify the calculated results in this example and to con- 
= 2 firm your calculation for the related problem. 


EXAMPLE 7-11 Determine the voltage drop across each resistor in the circuit of Figure 7—23 


FIGURE 7-23 
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Solution The source voltage is not given, but you know the total current from the figure. Since 
R, and R? are in parallel, they each have the same voltage. The current through R, is 


Ro 2.2kO 
i=l = | = |! mA = 688A 
: i= a )h Goan) a “a 
The voltages across R; and R> are 
V, = 7,R, = (688 pA)1.0kQ) = 688 mV 
V2 = VY, = 688 mV 


The series combination of R4 and Rs form the branch resistance, R445. Apply the 
current-divider formula to determine the current through R3. 


Rass ) (ee) 
a |, = 1 mA = 346 
4 (= ey «(\S56Ko) ae 


The voltage across R3 is 
V3 = 1R3 = (346 pA)3.9kO) = L.35V 


The currents through R, and Rs are the same because these resistors are in series. 
ly = 15 = y — h = 1mA — 346 pA = 654 pA 
Calculate the voltages across R4 and Rs as follows: 
V4 = I4R4 = (654 pA)1.SkQ) = 981 mV 
Vs = IsR5 = (654 #A)(560 2) = 366 mV 
Related Problem What is the source voltage, Vs, in the circuit of Figure 7—23? 


“ Use Multisim file E07-11 to verify the calculated results in this example and to con- 
we firm your calculation for the related problem. 


EXAMPLE 7-12 Determine the voltage drop across each resistor in Figure 7—24. 


FIGURE 7-24 
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Solution Because the total voltage is given in the figure, you can solve this problem using the 
voltage-divider formula. First, you need to reduce each paralle] combination to an 
equivalent resistance. Since R, and R> are in paralle) between A and B, combine their 
values. 

— RR, | B.3k0)6.2k0) 


= 2.15k0 
R, + Ro 9.5kO . 


Since R, is in parallel with the R; and Rg series combination (R546) between C and D, 
combine these values. 


RaRsi6 _ (1.0kO)(1.07 kQ) 


= 5170 
Ra + Rsag 2.07kO 


Rep = 


The equivalent circuit is drawn in Figure 7—25. The total circuit resistance is 


Ry = Rap ap R3 oF Rep — 2.15kO ar 1.0k0 ar 5170 = 3.67kO 


FIGURE 7-25 


Next use the voltage-divider formula to determine the voltages in the equivalent circuit. 


R ; 
Var = (S2\v, = (2 ake ey = 469V 


R 3.67 kO 
Bo) ( 5170 ) 
Vep = | © vs = -|8V = 1.13V 
ae (‘2 S ~~ \3.67kO 
R3 1.0k0 
= —_ = = wl 
V3 (2)¥s Gat oa 


Refer to Figure 7-24. V4p equals the voltage across both R, and R2, so 
V, = V2 = Vag = 4.69 V 
Vcp is the voltage across R, and across the series combination of Rs and Rg. Therefore, 
V4 = Ven = 1.13'V 


Now apply the voltage-divider formula to the series combination of Rs and Rg to get 
Vs and Ve. 


Rs 680.0 
V5 = Ven = 1.13 V = 718mV 
: ‘S if =| a = =) 


V, ( Re Wy (208 )ii3v = a12mv 
reer, ~~ \ 10700) - 


Related Problem _R> is removed from the circuit in Figure 7-24. Calculate Vaz. Vac, and Vep. 


Use Multisim file E07-12 to verify the calculated results in this example and to con- 
firm your calculation for the related problem. 
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that may be necessary in the analysis of series- 


and B in the circuit of Figure 7-26. 
‘e 7-26. 


R, 


7—3 VOLTAGE DIVIDERS WITH RESISTIVE LOADS 


Voltage dividers were introduced in Chapter 5. In this section, you will learn how 
resistive loads affect the operation of voltage-divider circuits. 


After completing this section, you should be able to 


* Analyze loaded voltage dividers 


The voltage divider in Figure 7—28(a) produces an output voltage (Voy) of 5 V because 
the two resistors are of equal value. This voltage is the unloaded output voltage. When a 
load resistor, Ry, is connected from the output to ground as shown in Figure 7—28(b), the 
output voltage is reduced by an amount that depends on the value of R,. The load resistor 
is in parallel with Rp, reducing the resistance from node A to ground and, as a result, also 


(a) Unloaded (b) Loaded 


~ FIGURE 7-28 


A voltage divider with both unloaded and loaded outputs. 
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reducing the voltage across the parallel combination. This is one effect of loading a voltage 
divider. Another effect of a load is that more current is drawn from the source because the 
total resistance of the circuit is reduced. 

The larger R, is, compared to Rp», the less the output voltage is reduced from its 
unloaded value, as illustrated in Figure 7-29. When two resistors are connected in parallel 
and one of the resistors is much greater than the other, the total resistance is close to the 
value of the smaller resistance. 


Vour decreases Vout = Vourine toad) 


MUTT 7y7 
i} wn Vv 7 i 


Voutino joad) 


NU 
om 


(a) No load (b) R, not significantly greater than R» (c) R, much greater than Ry 


A FIGURE 7-29 
The effect of a load resistor. 


we 


d output voltage of the voltage divider in Figure 7-30. 


voltages of the voltage divider in Figure 7~30 for the 
‘load resistance: Ry = 10kQ and R; = 100kQ. 


ee 10kO 
ee = (| —_-— —__ |\5vV = 3, 
= - =) $ (oe )s aia 


1 resistor connected, R is in parallel with R2, which gives 


ss 
= 
- 


i> . RoR, _ 100MO _ 
a Ro +R, 20k0 a 


hown in Figure 7-31(a). The loaded output voltage is 


Roll Rr Vv -( 28 
+ Ro/R.) °~ \97K0 


)sv = 2.58 V 


he resistance from output to ground is 


RoR, _ lo kQO)(100 KO) 


=9.1kO 
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valent circuit is shown in Figure 7—31(b). The loaded output voltage is 


Rp || Re ) — ( 91kO 
> 


coe =| ee ee, 
SE (loaded) (= + Ry || Ry ay al - 


3.40 V — 2.58V = 0.82 V 

lue of R,, the reduction in Voyy is 

3.40 V — 3.30V = 0.10 V 
loading effect of Ry, on the voltage divider. 
7-30 for a 1.0 MQ load resistance. 


07-13 to verify the calculated results in this example and to con- 
n for the related problem. 


Load Current and Bleeder Current 


In a multiple-tap loaded voltage-divider circuit, the total current drawn from the source 
consists of currents through the load resistors, called load currents, and the divider resis- 
tors. Figure 7-32 shows a voltage divider with two voltage outputs or two taps. Notice that 
the total current, 7, through R, enters node A where the current divides into Ip; ) through 
Ry and into J, through R>. At node B, the current Jp divides into Ip; through Rr,» and into 


» FIGURE 7-32 a 


Currents in a two-tap loaded voltage 
divider. 


TRBLEEDER = 4 
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I, through R3. Current J; is called the bleeder current, which is the current left after the 
total load current is subtracted from the total current in the circuit. 


TptEEDER = Jr — Fru — Irr2 Equation 7—1 


EXAMPLE 7-14 Determine the load currents Ip, and Ip;> and the bleeder current J; in the two-tap 
loaded voltage divider in Figure 7—32. 


Solution The equivalent resistance from node A to ground is the 100 kQ. load resistor Ry; in 
parallel with the combination of R2 in series with the parallel combination of R3 and 
Rj. Determine the resistance values first. R3 in parallel with Ry» is designated Rp. The 
resulting equivalent circuit is shown in Figure 7—33(a). 
— R3Ry2 (6.2kO)(100kO) 
ena yrs 106.2k 


= 5.84k0 


R, 
12kO 
Vs 
24V 
Ra 
107kO 


(b) 


_ FIGURE 7-33 


R> in series with Rz is designated R24. The resulting equivalent circuit is shown in 
Figure 7—33(b). 


Rosp = Ro + Rp = 6.2kO + 5.84kQ = 12.0k0 


Ry) in parallel with Rp, is designated R,. The resulting equivalent circuit is shown in 
Figure 7—33(c). 


Ry1R 100k0)(12.0 kO 
pe eeeteee ( ue a 10.7kO 
Rr + Rose 112k0, 
R, is the total resistance from node A to ground. The total resistance for the circuit is 
Ry = Rg + Ry = 10.7kO + 12kO = 22.7kO 


Determine the voltage across R;; as follows, using the equivalent circuit in Figure 
7-33(c): 


Ra 10.7kQ 
Vern = V4 = ( 4 vg = (——— Juv = 113V 
a i : (oe) 


The load current through R; is 


lrg = = 


Vent ( 113V 
Rr 


< isnn) me 
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ee ee § 
(fv, = ee 11.3V = 5.50V 


nt through Ry» is 


Vew2 _ Vo _ 


a= = 


ioe Rr 


Bipolar Voltage Dividers 


An example of a voltage divider that produces both positive and negative voltages from a 
single source is shown in Figure 7—34. Notice that neither the positive nor the negative ter- 
minal of the source is connected to reference ground or common. The voltages at nodes A 
and B are positive with respect to reference ground, and the voltages at nodes C and D are 
negative with respect to reference ground. 


» FIGURE 7-34 

A bipolar voltage divider. The posi- 
tive and negative voltages are with 
respect to reference ground. 
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7—4 LOADING EFFECT OF A VOLTMETER 


As you have Jearned, voltmeters must be connected in parallel with a resistor in order to 
measure the voltage across the resistor. Because of its internal resistance, a voltmeter puts 
a load on the circuit and will affect, to a certain extent, the voltage that is being measured. 
Until now, we have ignored the loading effect because the internal resistance of a volt- 
meter is very high, and normally it has negligible effect on the circuit that is being mea- 
sured. However, if the internal resistance of the voltmeter is not sufficiently greater than 
the circuit resistance across which it is connected, the loading effect will cause the mea- 


When a voltmeter is connected to a circuit as shown, for example, in Figure 7—36(a), its 
internal resistance appears in parallel with R3, as shown in part (b). The resistance from A 


B 


Te 
| 
(a) 

») FIGURE 7-36 
The loading effect of a voltmeter. 
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to B is altered by the loading effect of the voltmeter’s internal resistance, Ry, and is equal 


to R3 || Ry, as indicated in part (c). 


If Ry is much greater than R3, the resistance from A to B changes very little, and the 
meter indicates the actual voltage. If Ry is not sufficiently greater than R3, the resistance 
from A to B is reduced significantly, and the voltage across R3 is altered by the loading ef- 
fect of the meter. A good rule of thumb is that if the loading effect is less than 10%, it can 


usually be neglected, depending on the accuracy required. 


Two categories of voltmeters are the electromagnetic analog voltmeter (commonly 
called VOM), whose internal resistance is determined by its sensitivity factor, and the digi- 
tal voltmeter (the most commonly used type and commonly called DMM), whose internal 
resistance is also typically at least 10 MQ. The digital voltmeter presents fewer loading 
problems than the electromagnetic type because the internal resistances of DMMs are much 


higher. 


+15V +15V 


R 
180 kO 


. 100.0 
Y= (ee 2 = )¥s = (see \isv = = 5.357V 


stance in parallel with R is 


‘ RoRu i (100 0)(10 MQ) 
\R. + Ry 10.0001 MQ, 


ly measured by the meter is 


99.999 0 
vs = (ee )isv = 5.357V 


measurable loading effect. 


= 99.999 0 


oltmeter affect the voltage being measured for each circuit 
ssume the meter has an input resistance (Ry) of 1OMQ. 
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(b) Refer to Figure 7—37(b). 


R> aie) 
= |—*_ }y, = 15V = 5.357V 
V2 (= # =) . or 


RRy  _ (100k9.)(10 MQ) 
lo a 


R,|| Ru = = 99.01k0 


The voltage actually measured by the meter is 


R> || Ru ) ( 99.01k0. ) 
ee ye = | SV = 5.323 V 
i +R,||Ru/ > \279.01k0 


The loading effect of the voltmeter reduces the voltage by a very small amount. 


(c) Refer to Figure 7—37(c). 


R, 1.0MO 
V, = | —*— ]v, = 1SV = 5.357V 
2 € + =) § (seun) 


RoRy  _ (1.0M9)(10MQ) 
Ro + Ry 11MQO 


Ro || Ru = = 909.09 kO 


The voltage actually measured is 
Ro || Ru ) (see) 
Vn eee a Ve = | ——— —_—__ 1 5 V = 5.034 
2 € +Ro{|Ry/ °  \2.709MQ eal 


The loading effect of the voltmeter reduces the voltage by a noticeable amount. As 
you can see, the higher the resistance across which a voltage is measured, the 
more the loading effect. 


Related Problem Calculate the voltage across R> in Figure 7—37(c) if the meter resistance is 20 MQ. 


meter can potentially load a circuit. 


with a 10 MQ internal resistance is measuring the voltage across a 
t, should you normally be concerned about the loading effect? 


a 10 M© resistance is measuring the voltage across a 3.3MQ, 


7-5 LADDER NETWORKS 


A resistive ladder network is a special type of series-parallel circuit. The R/2R ladder 
network is commonly used to scale down voltages to certain weighted values for 
digital-to-analog conversion, which is a process that you will study in another course. 


After completing this section, you should be able to 
« Analyze ladder networks 
¢ Determine the voltages in a three-step ladder network 


¢ Analyze an R/2R ladder 
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One approach to the analysis of a ladder network such as the one shown in Figure 7-38 
is to simplify it one step at a time, starting at the side farthest from the source. In this way, 
you can determine the current in any branch or the voltage at any node, as illustrated in 
Example 7-16. 


R, 


+ 
“T 


» FIGURE 7-38 


Basic three-step ladder network. 


gh each resistor and the voltage at each labeled node with 


u must find the total resistance “seen” by the source. 

step process, starting at the right of the circuit diagram. 
series across Ry. Neglecting the circuit to the left of 
B to ground is 


Re) (10k9)(9.4kQ) 
+R) ~——-:19.4kO, 


node 


= 4.85kO, 
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Next, neglecting the circuit to the left of node A, the resistance from node A to ground 
(Ra) is Ro in parallel with the series combination of R3 and Rp. Calculate resistance Ra. 


R(R3 + Rp) _ (8.2kKO)(B.1SKO) 


Ry = = 4.09kO 
e+ (R; + R;) 16.35kO 
Using Ra, you can further simplify the equivalent circuit of Figure 7—40 as shown in 
Figure 7—41. 
R 1 
A 
1.0k0 
I 
+ T R, 
ai 4.09 kQ 
FIGURE 7-41 


Finally, the total resistance “seen” by the source is R, in series with Ry. 
Ry = Ri + Rg = 1.0k0 + 4.09kO = 5.09kO 


The total circuit current is 


As indicated in Figure 7-40, Jy is into node A and divides between R and the 
branch containing R3 + Rp. Since the branch resistances are approximately equal in 
this particular example, half the total current is through R» and half into node B. So the 
currents through Ry and R3 are 

L = 442mA 
I, = 4.42mA 
If the branch resistances are not equal, use the current-divider formula. As indicated 


in Figure 7—39, I; is into node B and is divided between Ry and the branch containing 
Rs + Rg. Therefore, the currents through Ry, Rs, and Re can be calculated. 


Rs + Re ) (240) 
l= Lh = 4.42mA = 2.14mA 
: (= + (Rs + R)/J > \19.4k0 a si 
Is = Ig = Ih — Ig = 4.42mA — 2.14mA = 2.28mA 


To determine V4, Vp, and Vc, apply Ohm’s law. 
V4 = IbR2 = (4.42 mA)(8.2kQ) = 36.2 V 
Vp = 14Rq = (2.14mA)(10kQ) = 21.4V 
Vo = IgRe = (2.28 mA)(4.7kQ) = 10.7 V 


Related Problem Recalculate the currents through each resistor and the voltages at each node in Figure 
7-39 if R; is increased to 2.2kQ.. 


“Use Multisim file E07-16 to verify the calculated results in this example and to con- 
firm your calculations for the related problem. 


250 


e 


SERIES-PARALLEL CiRCuITs 


The R/2R Ladder Network 


A basic R/2R ladder network is shown in Figure 7-42. As you can see, the name comes 
from the relationship of the resistor values. R represents a common value, and one set of 
resistors has twice the value of the others. This type of ladder network is used in applications 
where digital codes are converted to speech, music, or other types of analog signals as 
found, for example, in the area of digital recording and reproduction. This application is 
called digital-to-analog (D/A) conversion. 


b>» FIGURE 7-42 


A basic four-step R/2R ladder 


network. 
Input | 


Input 2 


Input 3 


Input 4 


Let’s examine the general operation of a basic R/2R ladder using the four-step circuit in 
Figure 7-43. In a later course in digital fundamentals, you will learn specifically how this 
type of circuit is used in D/A conversion 


> FIGURE 7-43 


R/2R ladder with switch inputs to 
simulate a two-level (digital) code. 


The switches used in this illustration simulate the digital (two-level) inputs. One 
switch position is connected to ground (0 V), and the other position is connected to a pos- 
itive voltage (V). The analysis is as follows: Start by assuming that switch SW4 in Figure 
7-43 is at the V position and the others are at ground so that the inputs are as shown in 
Figure 7—44(a). 

The total resistance from node A to ground is found by first combining R, and R> in par- 
allel from node D to ground. The simplified circuit is shown in Figure 7-44(b). 

2R 


Ri || Ry = = R 


R; || Rz is in series with R3 from node C to ground as illustrated in part (c). 


R, || Ro + R3 =R+R=2R 


Vout 


R, ll Ry +R; 


= 2R 
Ry (R, ll Ro +R3) Ry 


Rg 


Vour 


R EQ 
(all other 
resistors) 


(e) 


» FIGURE 7-44 


Simplification of R/2R ladder for analysis. 


Next, this combination is in parallel with R, from node C to ground as shown in part (d). 


QR 
(Ry || Ry + Rs) | Rq = 28 || 2R = =R 


Continuing this simplification process results in the circuit in part (e) in which the output 
voltage can be expressed using the voltage-divider formula as 


A similar analysis, except with switch SW3 in Figure 7-43 connected to V and the other 
switches connected to ground, results in the simplified circuit shown in Figure 7-45. 


R ~ FIGURE 7—45 
iy 


at SW3 in Figure 7-43. 
(R, through R; 
a combined) 


2R 


Vout Simplified ladder with only V input 
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The analysis for this case is as follows: The resistance from node B to ground is 


6R 
Rg = (Ry + Rg) || 2R = 3R || 2R = — 


Using the voltage-divider formula, we can express the voltage at node B with respect to 
ground as 


2 Rg ) =| 6R/5 \v=( 6R/5 v= (25) 
Ve Ges li 2R + 6R/5 ¥ 10R/5 + 6R/5 ¥ 16R/5 i 


= (v= 3Vv 
16R/—s 8B 


The output voltage is, therefore, 


Rg 2R\(3V\ _ Vv 
Your = = + ral - (FF) 8 ) “4 


Notice that the output voltage in this case (V/4) is one half the output voltage (V/2) for the 
case where V is connected at switch SW4. 

A similar analysis for each of the remaining switch inputs in Figure 7-43 results in out- 
put voltages as follows: For SW2 connected to V and the other switches connected to 


ground, 
Vv 
Vi =— 
OUT ~ 8 
For SWI connected to V and the other switches connected to ground, 
Vv 
Vi = — 
OUT 16 


When more than one input at a time are connected to V, the total output is the sum of the 
individual outputs, according to the superposition theorem that is covered in Section 8-4 
These particular relationships among the output voltages for the various levels of inputs are 
important in the application of R/2R ladder networks to digital-to-analog conversion. 


resistance presented to the source by the ladder network of 


as 
| Figure 7-46? 
) 2 in Figure 7-46? 
de A with respect to ground in Figure 7-46? 
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7-6 THE WHEATSTONE BRIDGE 


The Wheatstone bridge circuit can be used to precisely measure resistance. However, 
the bridge is most commonly used in conjunction with transducers to measure physical 
quantities such as strain, temperature, and pressure. Transducers are devices that sense 
a change in a physical parameter and convert that change into an electrical quantity 
such as a change in resistance. For example, a strain gauge exhibits a change in resist- 
ance when it is exposed to mechanical factors such as force, pressure, or displacement. 
A thermistor exhibits a change in its resistance when it is exposed to a change in tem- 
perature. The Wheatstone bridge can be operated in a balanced or an unbalanced con- 
dition. The condition of operation depends on the type of application. 


After completing this section, you should be able to 
¢ Analyze and apply a Wheatstone bridge 
Determine when a bridge is balanced 
« Determine an unknown resistance with a balanced bridge 
« Determine when a bridge is unbalanced 


+ Discuss: measurements using an unbalanced bridge 


= ki oe 


A Wheatstone bridge circuit is shown in its most common “diamond” configuration 
in Figure 7—47(a). It consists of four resistors and a dc voltage source connected across the 
top and bottom points of the “diamond.” The output voltage is taken across the left and 
right points of the “diamond” between A and B. In part (b), the circuit is drawn in a slightly 
different way to more clearly show its series-parallel configuration. 


(b) 


» FIGURE 7-47 
Wheatstone bridge. 


The Balanced Wheatstone Bridge 


The Wheatstone bridge in Figure 7-47 is in the balanced bridge condition when the out- 
put voltage (Voy) between terminals A and B is equal to zero. 
Your =0V 
When the bridge is balanced, the voltages across R, and Rp are equal (V; = V>) and the volt- 
ages across R3 and R4 are equal (V3 = V4). Therefore, the voltage ratios can be written as 
Li ae 
V3 V4 
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Equation 7—2 


Substituting JR for V by Ohm’s law gives 


HR, _ Ro 
BR; UR 
Since J, = J; and Ih = Jj, all the current terms cancel, leaving the resistor ratios 
Ri _ Rp 
Ry Ry 


Solving for R, results in the following formula: 


R2 
R, =k; Rs 


This formula allows you to find the value of resistor R, in terms of the other resistor val- 
ues when the bridge is balanced. You can also find the value of any other resistor in a sim- 
ilar way. 


Using the Balanced Wheatstone Bridge to Find an Unknown Resistance Assume 
that R, in Figure 7-47 has an unknown value, which we call Ry. Resistors Rj and Ry have 
fixed values so that their ratio, R/Ry, also has a fixed value. Since Ry can be any value, R3 
must be adjusted to make R)/R3 = R2/R, in order to create a balanced condition. There- 
fore, R3 is a variable resistor, which we will call Ry. When Ry is placed in the bridge, Ry is 
adjusted until the bridge is balanced as indicated by a zero output voltage. Then, the un- 
known resistance is found as 


The ratio Rp/R, is the scale factor. 

An older type of measuring instrument called a galvanometer can be connected between 
the output terminals A and B to detect a balanced condition. The galvanometer is essentially 
a very sensitive ammeter that senses current in either direction. It differs from a regular am- 
meter in that the midscale point is zero. In modem instruments, an amplifier connected 
across the bridge output indicates a balanced condition when its output is 0 V. 

From Equation 7—2, the value of Ry at balance multiplied by the scale factor R2/R, is 
the actual resistance value of Ry. If Ro/R4 = 1, then Ry = Ry, if R2/R4 = 0.5, then 
Ry = 0.5Ry, and so on. In a practical bridge circuit, the position of the Ry adjustment can 
be calibrated to indicate the actual value of Ry on a scale or with some other method of 
display. 
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RXR 1500 


= 1. 
Ry 1009 3 


7 


The bridge is balanced (Voyr = 0 V) when Ry is set at 1200 Q, so the unknown 


The Unbalanced Wheatstone Bridge 


An unbalanced bridge condition occurs when Voy is not equal to zero. The unbalanced 
bridge is used to measure several types of physical quantities such as mechanical strain, tem- 
perature, or pressure. This can be done by connecting a transducer in one leg of the bridge, 
as shown in Figure 7-49. The resistance of the transducer changes proportionally to the 
changes in the parameter that it is measuring. If the bridge is balanced at a known point, then 
the amount of deviation from the balanced condition, as indicated by the output voltage, 
indicates the amount of change in the parameter being measured. Therefore, the value of the 
parameter being measured can be determined by the amount that the bridge is unbalanced. 


© FIGURE 7-49 

A bridge circuit for measuring a 
physical parameter using a 
transducer. 


Transducer 


A Bridge Circuit for Measuring Temperature If temperature is to be measured, the 
transducer can be a thermistor, which is a temperature-sensitive resistor. The thermistor re- 
sistance changes in a predictable way as the temperature changes. A change in temperature 
Causes a change in thermistor resistance, which causes a corresponding change in the out- 
put voltage of the bridge as it becomes unbalanced. The output voltage is proportional to 
the temperature; therefore, either a voltmeter connected across the output can be calibrated 
to show the temperature or the output voltage can be amplified and converted to digital 
form to drive a readout display of the temperature. 

A bridge circuit used to measure temperature is designed so that it is balanced at a ref- 
erence temperature and becomes unbalanced at a measured temperature. For example, let’s 
say the bridge is to be balanced at 25°C. A thermistor will have a known value of resistance 
at 25°C. For simplicity, let’s assume the other three bridge resistors are equal to the ther- 
mistor resistance at 25°C, so Rinermm = Rp = R3 = Ry. For this particular case, the change 


256 © SERIES-PARALLEL CIRCUITS 


Equation 7—3 


in output voltage (A Vout) can be shown to be related to the change 1n Ryherm by the fol- 
lowing formula: 


Vs 
AVout = ARtnerm\ 7p 


The A (Greek letter delta) in front of a variable means a change in the variable. This for- 
mula applies only to the case where all resistances in the bridge are equal when the bridge 
is balanced. A derivation is provided in Appendix B. Keep in mind that the bridge can be 
initially balanced without having all the resistors equal as long as R; = R2 and R3 = Ry 
(see Figure 7-47), but the formula for AVguy would be more complicated. 


» of the temperature-measuring bridge circuit in Figure 
posed to a temperature of 50°C and its resistance at 25°C is 
tance of the thermistor decreases to 900 © at 50°C. 


Rinerm 
1.0kQ @ 25°C 


1.0kQ — 9000 = 1000 


1 the bridge is balanced at 25°C and it changes 0.3 V, then 
Vour = 03V 


Other Unbalanced Wheatstone Bridge Applications A Wheatstone bridge with a 
strain gauge can be used to measure certain forces. A strain gauge is a device that exhibits 
a change in resistance when it is compressed or stretched by the application of an external 
force. As the resistance of the strain gauge changes, the previously balanced bridge be- 
comes unbalanced. This unbalance causes the output voltage to change from zero, and this 
change can be measured to determine the amount of strain. In strain gauges, the resistance 
change is extremely small. This tiny change unbalances a Wheatstone bridge because of its 
high sensitivity. For example, Wheatstone bridges with strain gauges are commonly used 
in weight scales. 
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Some resistive transducers have extremely small resistance changes, and these changes are 
difficult to measure accurately with a direct measurement. In particular, strain gauges are one 
of the most useful resistive transducers that convert the stretching or compression of a fine wire 
into a change in resistance. When strain causes the wire in the gauge to stretch, the resistance 
increases a small amount; and when it compresses, the resistance of the wire decreases. 

Strain gauges are used in many types of scales, from those that are used for weighing 
small parts to those for weighing huge trucks. Typically, the gauges are mounted on a spe- 
cial block of aluminum that deforms when a weight is on the scale. The strain gauges are 
extremely delicate and must be mounted properly, so the entire assembly is generally pre- 
pared as a single unit called a load cell. A wide variety of load cells with different shapes 
and sizes are available from manufacturers depending on the application. A typical 
S-shaped load cell for a weighing application that has four strain gauges is illustrated in 
Figure 7—51(a). The gauges are mounted so that two of the gauges stretch (tension) when a 
load is placed on the scale and two of the gauges compress. 


Applied force 


Strain gauges 
(tension) 


Strain gauges 
(compression) 


(a) A typical load cell with four active strain gauges (b) Wheatstone bridge 


» FIGURE 7-51 


Load cells are usually connected to a Wheatstone bridge as shown in Figure 7—51(b) 
with strain gauges (SG) in tension (7) and compression (C) in opposite diagonal legs as 
shown. The output of the bridge is normally digitized and converted to a reading for a dis- 
play or sent to a computer for processing. The major advantage of the Wheatstone bridge 
circuit is that it is capable of accurately measuring very small differences in resistance. The 
use of four active transducers increases the sensitivity of the measurement and makes the 
bridge the ideal circuit for instrumentation. The Wheatstone bridge circuit has the added 
benefit of compensating for temperature variations and wire resistance of connecting wires 
that would otherwise contribute to inaccuracies. 

In addition to scales, strain gauges are used with Wheatstone bridges in other types of 
measurements including pressure measurements, displacement and acceleration measure- 
ments to name a few. In pressure measurements, the strain gauges are bonded to a flexible 
diaphragm that stretches when pressure is applied to the transducer. The amount of flexing 
is related to the pressure, which again converts to a very small resistance change. 


w a basic Wheatstone bridge circuit. 
nder what condition is a bridge balanced? 


What is the unknown resistance in Figure 7-48 when Ry = 3.3kO, R) = 10k0, 
and Ry = 2.2kQ? 
4. How is a Wheatstone bridge used in the unbalanced condition? 
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7-7 TROUBLESHOOTING 


As you know, troubleshooting is the process of identifying and locating a failure or 
problem in a circuit. Some troubleshooting techniques and the application of logical 
thought have already been discussed in relation to both series circuits and parallel cir- 
cuits. A basic premise of troubleshooting is that you must know what to look for be- 
fore you can successfully troubleshoot a circuit. 


After completing this section, you should be able to 
¢ Troubleshoot series-parallel circuits 
* Determine the effects of an open in a circuit 
Determine the effects of a short in a circuit 


+ Locate opens and shorts 


Opens and shorts are typical problems that occur in electric circuits. As mentioned in 
Chapter 5, if a resistor burns out, it will normally produce an open. Bad solder connections, 
broken wires, and poor contacts can also be causes of open paths. Pieces of foreign mate- 
rial, such as solder splashes, broken insulation on wires, and so on, can often lead to shorts 
in a circuit. A short is considered to be a zero resistance path between two points. 

In addition to complete opens or shorts, partial opens or partial shorts can develop in a 
circuit. A partial open would be a much higher than normal resistance, but not infinitely 
large. A partial short would be a much lower than normal resistance, but not zero. 

The following three examples illustrate troubleshooting series-parallel circuits. 


EXAMPLE 7-19 


Solution 


From the indicated voltmeter reading in Figure 7-52, determine if there is a fault by 
applying the APM approach. If there is a fault, identify it as either a short or an open. 


FIGURE 7-52 


Step 1: Analysis 


Determine what the voltmeter should be indicating as follows. Since R> and R3 are in 
parallel, their combined resistance is 

RoR3 | (4.7kO)A0kKO) 
Ry + R3 14.7kO 


R23 = = 3.20k0 


Determine the voltage across the parallel combination by the voltage-divider formula | 


Rais 3.2kO, 
Voy3 = (qv, = (Ee mea ea =422V 


Related Problem 


EXAMPLE 7-20 
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This calculation shows that 4.22 V is the voltage reading that you should get on the 
meter. However, the meter reads 9.6 V across R2 \|3- This value is incorrect, and, be- 
cause it is higher than it should be, either R2 or R3 is probably open. Why? Because if 
either of these two resistors is open, the resistance across which the meter is connected 
is larger than expected. A higher resistance will drop a higher voltage in this circuit. 


Step 2: Planning 


Start trying to find the open resistor by assuming that R2 is open. If it is, the voltage 


across R3 is 
R3 10k0D 
V3 = | —\— ]Vs = | =——— ]24V = 9.6V 
q (= + =) sd (er) 


Since the measured voltage is also 9.6 V, this calculation shows that R2 is probably open. 


Step 3: Measurement 


Disconnect power and remove R>. Measure its resistance to verify it is open. If it is 
not, inspect the wiring, solder, or connections around R», looking for the open. 


What would be the voltmeter reading if R3 were open in Figure 7-52? If R, were open? 


Solution 


Suppose that you measure 24 V with the voltmeter in Figure 7-53. Determine if there 
is a fault, and, if there is, identify it. 


| c a 
= 


_ FIGURE 7-53 


Step 1: Analysis 

There is no voltage drop across R, because both sides of the resistor are at +24 V. 
Either there is no current through R, from the source, which tells you that R2 is open 
in the circuit, or R, is shorted. 

Step 2: Planning 


The most probable failure is an open Rp. If it is open, then there will be no current 
from the source. To verify this, measure across Rz with the voltmeter. If R2 is open, the 
meter will indicate 24 V. The right side of R> will be at zero volts because there is no 
current through any of the other resistors to cause a voltage drop across them. 


Step 3: Measurement 


The measurement to verify that Rj is open is shown in Figure 7-54. 
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Rs 
Wy 
10k 
Vs le R; R, Re 
24V T 15kO 47kOD 2.2 kO 
FIGURE 7-54 


Related Problem What would be the voltage across an open Rs in Figure 7-53 assuming no other faults? 


EXAMPLE 7-21 The two voltmeters in Figure 7—55 indicate the voltages shown. Apply logical thought 
and your knowledge of circuit operation to determine if there are any opens or shorts 
in the circuit and, if so, where they are located. 


R 1 Ry Re 


4.7kD 2.2 kO, 


6.o5v *%s 


Vg Rs R; 
Vv 


sf 10 kO 15kO 
= = = 


FIGURE 7-55 


Solution Step 1: Determine if the voltmeter readings are correct. Rj, Ro, and R3 act as a voltage 
divider. Calculate the voltage (V4) across R3 as follows: 


R; 3.3kO 
Va = = (—"——_ Jaa Vv = 3.67V 
a (= + Ry + Ms (3s) 


The voltmeter A reading is correct. This indicates that R), Ro, and R3 are connected 
and are not faulty. 


Step 2: See if the voltmeter B reading is correct. Rg + R7 is in parallel with Rs. The 
series-parallel combination of Rs, Rg, and R7 is in series with Ry. Calculate the resis- 
tance of the Rs, Rg, and R7 combination as follows: 

R5(Re + R7) (O0kO)(7.2kQ) 
Rs + Re + R7 27.2k0, 


Rs] 6+7) = = 632k0 


R5j(6+7) and Ry form a voltage divider, and voltmeter B measures the voltage across 
R5}\(6+7)- Is it correct? Check as follows: 


V, = een y (ee pay 13.8V 
ARs + Room) * HkO ; 


Related Problem 
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Thus, the actual measured voltage (6.65 V) at this point is incorrect. Some logical 
thinking will help to isolate the problem. 


Step 3: R, is not open, because if it were, the meter would read O V. If there were a 
short across it, the meter would read 24 V. Since the actual voltage is much less than it 
should be, R5\(6+7) must be less than the calculated value of 6.32 kQ. The most likely 
problem is a short across R7. If there is a short from the top of R7 to ground, Rg is ef- 
fectively in parallel with Rs. In this case, 


RsRe__ (10k O)(2.2kO) 


Rs Re = = = 180k0 
5 IR Rs + Re 12.2kO 
Then Vz is 
1.80k0 
= 24V = 6.65V 
- ( 6.5k0 ) 


This value for Vg agrees with the voltmeter B reading. So there is a short across R7. If 
this were an actual circuit, you would try to find the physical cause of the short. 


If the only fault in Figure 7—55 is that R2 is shorted, what will voltmeter A read? What 
will voltmeter B read? 


Figure 7-57, what voltage would be measured at node A 


)) Ryopen (© ShortacrossR;  (d) R3 and R, open 
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A Circuit Application 


The Wheatstone bridge is widely used 

in measurement applications that use 

sensors to convert a physical parame- 

ter to a change in resistance. Modern 
Wheatstone bridges are automated; with intelligent interface 
modules, the output can be conditioned and converted to any de- 
sired unit for display or processing (for example, the output 
might be displayed in pounds for a scale application). 

The Wheatstone bridge provides a null measurement, which 
enables it to have great sensitivity. It can also be designed to 
compensate for changes in temperature, a great advantage for 
many resistive measurements, particularly when the resistance 
change of the sensor is very small. Usually, the output voltage of 
the bridge is increased by an amplifier that has a minimum load- 
ing effect on the bridge. 


Temperature Controller 


In this application, a Wheatstone bridge circuit is used in a tem- 
perature controller. The sensor is a thermistor (“thermal resis- 
tor”), which is a resistive sensor that changes resistance as 
temperature changes. Thermistors are available with positive or 
negative resistance characteristics as a function of temperature. 
The thermistor in this circuit is one of the resistors in a Wheat- 
stone bridge but is located a short distance from the circuit board 
for sensing the temperature at a point off the board. 

The threshold voltage for the output to change is controlled 
by the 10 kQ, potentiometer, R3. The amplifier in this case is 
constructed using an operational amplifier (“op-amp’’), which is 
an integrated circuit. The term amplifier is used in electronics to 
describe a device that produces a larger replica of the input volt- 
age or current at its output. The term gain refers to the amount 


Thermistor 


(a) Tank with heating element and thermistor 


A FIGURE 7-58 


: of amplification. The op-amp in this circuit is configured as a 
; comparator, which is be used to compare the voltage on one 


side of the bridge with the voltage on the other. 
The advantage of a comparator is that it is extremely sensitive to 


i an unbalanced bridge and produces a large output when the bridge 
: is unbalanced. In fact, it is so sensitive. it is virtually impossible to 

: adjust the bridge for perfect balance. Even the tiniest imbalance 

: will cause the output to go to a voltage near either the maximum or 
! minimum possible (the power supply voltages). This is handy for 

: turning on a heater or other device based on the temperature. 


; The Control Circuit 
i This application has a tank containing a liquid that needs to be 


held at a warm temperature, as illustrated in Figure 7—58(a). The 


circuit board for the temperature controller is shown in Figure 

: 7—58(b). The circuit board controls a heating unit (through an in- 
terface, which is not shown) when the temperature is too cold. 

i The thermistor, which is located in the tank, is connected be- 

; tween one of the amplifier inputs and ground as illustrated. 


The amplifier is a 741C op-amp, an inexpensive and popular 


: device that will work fine for this application. The op-amp has 
two inputs, an output, and connections for positive and negative 
supply voltages. The schematic symbol for the op-amp with 

: light-emitting diodes (LEDs) connected to the output is shown in 
| Figure 7-59. The red LED is on when the op-amp output is a 

: positive voltage, indicating the heater is on. The green LED is 

on when the output is a negative voltage, indicating the heater 

: is off. 


i Using the circuit board as a guide, complete the schematic in 
Figure 7-59. The op-amp inputs are connected to a Wheat- 
stone bridge. Show the values for all resistors. 


(b) Control board 


Inverting 
input 


Noninverting 
input 


The Thermistor 


The thermistor is a mixture of two metal-oxides, which exhibit 
a large resistance change as a function of temperature. The 
thermistor in the temperature controller circuit is located off the 
board near the point where temperature is to be sensed in the 
tank and is connected between the thermistor input and ground. 

Thermistors have a nonlinear resistance-temperature charac- 
teristic described by the exponential equation: 


To-T 
Rr= ae sid ) 
where: 
Ry = the resistance at a given temperature 
Ro = the resistance at a reference temperature 
Tp = the reference temperature in Kelvin (K), 
typically 298 K, which is 25°C 
T = temperature in K 
£ = aconstant (K) provided by the manufacturer 


This exponential equation where ¢ is the base of natural loga- 
rithms can be solved easily on a scientific calculator. Exponen- 
tial equations are studied in later chapters. 
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~ FIGURE 7-59 


The op-amp and output LED 
indicators. 


The thermistor in this application is a Thermometrics 
RL2006-13.3K-140-D1 thermistor with a specified resistance of 
25 kQ at 25°C and a B of 4615 K. For convenience, the resis- 

: tance of this thermistor is plotted as a function of temperature in 
Figure 7-60. Notice that the negative slope indicates this ther- 
mistor has a negative temperature coefficient (NTC); that is, its 
resistance decreases as the temperature increases. 


As an example, the calculation for finding the resistance at 
T = 50°C is shown. First, convert 50°C to K. 

= °C + 273 = 50°C + 273 = 323K 

| Also, 


Ss 
i 


°C + 273 = 25°C + 273 = 298K 
25kO 
aie 
p 
Rr = Roe (rir) 


298-323 
i = (25kO) (8615(596593) 


= (25kMe7 118 
= (25k0)(0.302) 
= 7.54k0 


E-] 
ro 
ll 


» FIGURE 7-60 
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Using your calculator, first determine the value of the exponent | @ If you needed to set the reference temperature to 0°C, what 
B(Zp — T)(ToT). Next determine the value of the term i simple change would you make to the circuit? Show with a 


calculation that your change will work and draw the revised 


To-T 
Ms ( ToT ) schematic. 


secondary function. 


. Finally, multiply by Ro. On many calculators, e* is a 


: Review 
@ Calculate the resistance of the thermistoratatemperatureof :— .... . .  ... ... |. coe 5 ne 
ms : : ‘ : 1. At 25°C, the thermistor will have about 7.5 V across it. Cal- 
40°C using the exponential equation and confirm that your : oe ; 
oie: : ores culate the power it dissipates. Is there any loading effect on a 
calculation is correct by comparing your result with Figure 


is? 
7-60. Remember that temperatures in the equation are in te ene tons) 
kelvin. (K = °C + 273). ; 2. As the temperature increases, does the loading effect go up, 


; : down, or remain the same? Explain your answer. 
Calculate the resistance setting of R3 to balance the bridge at 


25°C; 

Calculate the output voltage of the bridge (input to the 
op-amp) when the temperature of the thermistor is 40°C. 
Assume the bridge was balanced at 25°C and that the only 
change is the resistance of the thermistor. 


. Can % W resistors be used in this application? Explain your 
answer. 


. Why is only one LED on at a time at the output? 


_SUMMARY 


© A series-parallel circuit is a combination of both series and parallel current paths. 


® To determine total resistance in a series-parallel circuit, identify the series and parallel relation- 
ships, and then apply the formulas for series resistance and parallel resistance from Chapters 5 
and 6. 


® To find the total current, apply Ohm’s law and divide the total voltage by the total resistance. 


® To determine branch currents, apply the current-divider formula, Kirchhoff’s current law, or 
Ohm’s law. Consider each circuit problem individually to determine the most appropriate method. 


® To determine voltage drops across any portion of a series-parallel circuit, use the voltage-divider 
formula, Kirchhoff’s voltage law, or Ohm’s law. Consider each circuit problem individually to 
determine the most appropriate method. 

® When a load resistor is connected across a voltage-divider output, the output voltage decreases. 

® The load resistor should be large compared to the resistance across which it is connected, in order 
that the loading effect may be minimized. 


® To find total resistance of a ladder network, start at the point farthest from the source and reduce 
the resistance in steps. 


® A balanced Wheatstone bridge can be used to measure an unknown resistance. 


® A bridge is balanced when the output voltage is zero. The balanced condition produces zero cur- 
rent through a load connected across the output terminals of the bridge. 


® An unbalanced Wheatstone bridge can be used to measure physical quantities using transducers. 


e 


Opens and shorts are typical circuit faults. 


® Resistors normally open when they burn out. 


‘KEY TERMS These key terms are also in the end-of-book glossary. 


Balanced bridge A bridge circuit that is in the balanced state is indicated by 0 V across the output. 


Bleeder current The current left after the total load current is subtracted from the total current into 
the circuit. 
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Unbalanced bridge A bridge circuit that is in the unbalanced state as indicated by a voltage across 
the output that is proportional to the amount of deviation from the balanced state. 


Wheatstone bridge A 4-legged type of bridge circuit with which an unknown resistance can be 
accurately measured using the balanced state. Deviations in resistance can be measured using the 
unbalanced state. 


FORMULAS 
7-1 Tereeper = !a — Ir — Iri2 Bleeder current 
7-2 Ry = wa) Unknown resistance in a Wheatstone bridge 
7-3 AVour = ARtherm (3) Thermistor bridge output 
SELF-TEST Answers are at the end of the chapter. 
1. Which of the following statements are true concerning Figure 7-61? 


(a) R, and R, are in series with R3, Ry, and Rs. 
(b) R, and R2 are in series. 
(c) R3, Ry, and Rs are in parallel. 


(d) The series combination of R, and R> is in parallel with the series combination of R3, Ry, 
and Rs. 


(e) answers (b) and (d) 


» FIGURE 7-61 


. The total resistance of Figure 7-61 can be found with which of the following formulas? 


(a) Ry + Ro + R3|| Rall Rs (b) Rj || Ro + R3 || Rall Rs 
(c) (Ry + Ro) || (Rg + Ra + Rs) (d) none of these answers 


. If all of the resistors in Figure 7-61 have the same value, when voltage is applied across termi- 


nals A and B, the current is 
(a) greatest in Rs (b) greatest in R3, Ry, and Rs 


(c) greatest in R; and R> (d) the same in all the resistors 


. Two 1.0kQ resistors are in series and this series combination is in parallel with a 2.2 kO resistor. 


The voltage across one of the 1.0 kQ resistors is 6 V. The voltage across the 2.2 kO resistor is 
(a) 6V (b) 3V (c) 12V (d) 13.2V 
The parallel combination of a 330 © resistor and a 470 Q resistor is in series with the parallel 


combination of four 1.0 k©. resistors. A 100 V source is connected across the circuit. The resis- 
tor with the most current has a value of 


(a) 10k (b) 3300 (ce) 4700 


. In the circuit described in Question 5, the resistor(s) with the most voltage has (have) a value of 


(a) 1.0k0 (b) 4700 (c) 330.0, 
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7. In the circuit of Question 5, the percentage of the total current through any single 1.0 kO 
resistor is 
(a) 100% (b) 25% (c) 50% (d) 31.3% 


8. The output of a certain voltage divider is 9 V with no load. When a Joad is connected, the 
output voltage 


(a) increases (b) decreases (c) remains the same (d) becomes zero 


9. A certain voltage divider consists of two 10 kQ. resistors in series. Which of the following load 
resistors will have the most effect on the output voltage? 


(a) 1.0MQ (b) 20k0, (c) 100kQ (d) LOkO 


10. When a load resistance is connected to the output of a voltage-divider circuit, the current drawn 
from the source 


(a) decreases (b) increases (c) remains the same (d) is cut off 
11. Ina ladder network, simplification should begin at 

(a) the source (b) the resistor farthest from the source 

(c) the center (d) the resistor closest to the source 


12. Ina certain four-step R/2R ladder network, the smallest resistor value is 10k. The largest 
value is 


(a) indeterminable (b) 20k, (c) 50k (d) 100k, 
13. The output voltage of a balanced Wheatstone bridge is 

(a) equal to the source voltage 

(b) equal to zero 

(c) dependent on all of the resistor values in the bridge 

(d) dependent on the value of the unknown resistor 


14. A certain Wheatstone bridge has the following resistor values: Ry = 8k, Ro = 680 ©, and 
Rg = 2.2kQ. The unknown resistance is 


(a) 2473.9 (b) 25.9kO (ce) 1870 (d) 2890 © 


15. You are measuring the voltage at a given point in a circuit that has very high resistance values 
and the measured voltage is a little lower than it should be. This is possibly because of 


(a) one or more of the resistance values being off 
(b) the loading effect of the voltmeter 

(c) the source voltage is too low 

(d) all of these answers 


IZ Answers are at the end of the chapter. 


gu DYNAMICS 


Refer to Figure 7—62(b). 

1. If Rp opens, the total current 

(a) increases (b) decreases (c) stays the same 
2. If R3 opens, the current in R 

(a) increases (b) decreases (c) stays the same 
3. If R,4 opens, the voltage across it 

(a) increases (b) decreases (c) stays the same 
4. If R4 is shorted, the total current 


(a) increases (b) decreases (c) stays the same 


Refer to Figure 7—64. 
5. If Rio opens, with 10 V applied between terminals A and B. the total current 


(a) increases (b) decreases (c) stays the same 
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6. If R, opens with 10 V applied between terminals A and B, the voltage across R, 
(a) increases (b) decreases (c) stays the same 


7. If there is a short between the left contact of R3 and the bottom contact of Rs, the total resis- 
tance between A and B 


(a) increases (b) decreases (c) stays the same 


Refer to Figure 7-68. 
8. If R4 opens, the voltage at point C 
(a) increases (b) decreases (c) stays the same 
9. If there is a short from point D to ground, the voltage from A to B 
(a) increases (b) decreases (c) stays the same 
10. If Rs opens, the current through R, 


(a) increases (b) decreases (c) stays the same 


Refer to Figure 7—74. 

11. Ifa 10kQ load resistor is connected across the output terminals A and B, the output voltage 
(a) increases (b) decreases (c) stays the same 

12. If the 10 kQ load resistor mentioned in Question 11 is replaced by a 100 kQ load resistor, Vout 
(a) increases (b) decreases (c) stays the same 


Refer to Figure 7-75. 


13. If there is a short between the V> and V3 terminals of the switch, the voltage V; with respect to 
ground 


(a) increases (b) decreases (c) stays the same 


14. If the switch is in the position shown and if the V3 terminal of the switch is shorted to ground, 
the voltage across Ry, 


(a) increases (b) decreases (c) stays the same 
15. If R, opens with the switch in the position shown, the voltage across R) 
(a) increases (b) decreases (c) stays the same 


Refer to Figure 7-80. 
16. If Ry opens, Vour 

(a) increases (b) decreases (c) stays the same 
17. If R7 is shorted to ground, Voyr 


(a) increases (b) decreases (c) stays the same 


7 More difficult problems are indicated by an asterisk (’). 
Answers to odd-numbered problems are at the end of the book. 


SECTION 7-1 Identifying Series-Parallel Relationships 
1. Visualize and draw the following series-parallel combinations: 
(a) R, in series with the parallel combination of R2 and R3 
(b) R, in parallel with the series combination of R> and R3 


(c) Rj, in parallel with a branch containing R> in series with a parallel combination of four 
other resistors 


2. Visualize and draw the following series-parallel circuits: 
(a) A parallel combination of three branches, each containing two series resistors 


(b) A series combination of three parallel circuits, each containing two resistors 
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270 


(a) (b) (c) 
» FIGURE 7-62 


3. In each circuit of Figure 7-62, identify the series and parallel relationships of the resistors 
viewed from the source. 

4. For each circuit in Figure 7-63, identify the series and parallel relationships of the resistors 
viewed from the source. 


Ry 


1.0 MO, 47kQ 18kQ 68kO 
(a) (b) (©) 


» FIGURE 7-63 


5. Draw the schematic of the PC board layout in Figure 7-64 showing resistor values and identify 
the series-parallel relationships. 


» FIGURE 7-64 
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*6. Develop a schematic for the double-sided PC board in Figure 7-65 and label the resistor values. 


*7, Lay out a PC board for the circuit in Figure 7-63(c). The battery is to be connected external to 
the board. 


Side I Side 2 


» FIGURE 7-65 


SECTION 7-2 Analysis of Series-Parallel Resistive Circuits 
8. A certain circuit is composed of two parallel resistors. The total resistance is 667 Q.. One of the 
resistors is 1.0kQ. What is the other resistor? 
9. For each circuit in Figure 7-62, determine the total resistance presented to the source. 
10. Repeat Problem 9 for each circuit in Figure 7-63. 
11. Determine the current through each resistor in each circuit in Figure 7-62; then calculate each 
voltage drop. 
12. Determine the current through each resistor in each circuit in Figure 7-63; then calculate each 
voltage drop. 
13. Find Ry for all combinations of the switches in Figure 7-66. 


SW1 (NCPB) 
R 


100 2 


SW2 (NOPB) 


» FIGURE 7-66 
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> FIGURE 7-67 47kO 


14. Determine the resistance between A and B in Figure 7-67 with the source removed 
15. Determine the voltage at each node with respect to ground in Figure 7-67. 
16. Determine the voltage at each node with respect to ground in Figure 7-68. 


17. In Figure 7-68, how would you determine the voltage across Rp by measuring without connect- 
ing a meter directly across the resistor? 


» FIGURE 7-68 


100 k©. 


18. Determine the resistance of the circuit in Figure 7-67 as seen from the voltage source. 
19. Determine the resistance of the circuit in Figure 7-68 as seen from the voltage source. 


20. Determine the voltage, V4,, in Figure 7-69. 


®» FIGURE 7-69 


*21. (a) Find the value of R2 in Figure 7-70. (b) Determine the power in Rp. 


» FIGURE 7-70 R, 
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*22. Find the resistance between node A and each of the other nodes (Raz, Rac, Rap, Rar, Rar, and 
Rag) in Figure 7-71. 


3.3kQ 4.7kO 


4 FIGURE 7-71 


*23. Find the resistance between each of the following sets of nodes in Figure 7-72: AB, BC, and CD. 


> FIGURE 7-72 A 


Rs =3.3kO 


*24. Determine the value of each resistor in Figure 7-73. 


bh FIGURE 7-73 


SECTION 7-3 Voltage Dividers with Resistive Loads 


25. A voltage divider consists of two 56 kQ resistors and a 15 V source. Calculate the unloaded 
output voltage. What will the output voltage be if a oad resistor of 1.0 MQ is connected to the 
output? 

26. A 12 V battery output is divided down to obtain two output voltages. Three 3.3 kQ. resistors are 
used to provide the two taps. Determine the output voltages. If a 10k. load is connected to the 
higher of the two outputs, what will its loaded value be? 
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27. Which will cause a smaller decrease in output voltage for a given voltage divider, a 10 kO, load 
or a47 kO load? 


28. In Figure 7—74, determine the output voltage with no load across the output terminals. With a 
100 k©. load connected from A to B, what is the output voltage? 


29. In Figure 7—74, determine the output voltage with a 33 kO load connected between A and B. 


30. In Figure 7-74, determine the continuous current drawn from the source with no load across 
the output terminals. With a 33 k© load, what is the current drain? 


& FIGURE 7-74 


*31. Determine the resistance values for a voltage divider that must meet the following specifica- 
tions: The current drawn from the source under unloaded condition is not to exceed 5 mA. 
The source voltage is to be 10 V, and the required outputs are to be 5 V and 2.5 V. Sketch the 
circuit. Determine the effect on the output voltages if a 1.0 k© load is connected to each tap 
one at a time. 


32. The voltage divider in Figure 7—75 has a switched load. Determine the voltage at each tap (V}, 
V2, and V3) for each position of the switch. 


& FIGURE 7-75 


*33. Figure 7-76 shows a dc biasing arrangement for a field-effect transistor amplifier. Biasing is 
a common method for setting up certain dc voltage levels required for proper amplifier operation. 
Although you are not expected to be familiar with transistor amplifiers at this point, the de volt- 
ages and currents in the circuit can be determined using methods that you already know. 


(a) Find Vg and Vs (b) Determine J;, Ip, Ip, and Is (c) Find Vps and Vpg 


*34. Design a voltage divider to provide a 6 V output with no load and a minimum of 5.5 V across 
a 1.0k© load. The source voltage 1s 24 V, and the unloaded current drain is not to exceed 100 mA. 
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® FIGURE 7-76 


R 
2.2 MQ 
Vp 
Vo Field-effect 
transistor symbol 
Ip=ls 
Vs 
R, 
270 kO 


SECTION 7-4 Loading Effect of a Voltmeter 


35. On which one of the following voltage range settings will a voltmeter present the minimum 
load on a circuit? 


(a) 1V (b) 10V (c) LOOV (d) 1000 V 


36. Determine the internal resistance of a 20,000 0/V voltmeter on each of the following range 
settings. 


(a) 0.5V (b) 1V (©) 5V (d) 50V (e) 100 V (f) 1000 V 


37. The voltmeter described in Problem 36 is used to measure the voltage across Ry in Figure 
7T-62(a). 


(a) What range should be used? 
(b) How much less is the voltage measured by the meter than the actual voltage? 


38. Repeat Problem 37 if the voltmeter is used to measure the voltage across R, in the circuit of 
Figure 7—62(b). 


SECTION 7-5 Ladder Networks 
39. For the circuit shown in Figure 7-77, calculate the following: 
(a) Total resistance across the source (b) Total current from the source 
(c) Current through the 910 © resistor (d) Voltage from A to point B 


40. Determine the total resistance and the voltage at nodes A, B, and C in the ladder network of 
Figure 7-78. 


560 


» FIGURE 7-77 A FIGURE 7-78 
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*41. Determine the total resistance between terminals A and B of the ladder network in Figure 7-79. 
Also calculate the current in each branch with 10 V between A and B. 


42. What is the voltage across each resistor in Figure 7-79 with 10 V between A and B? 


iL Ry 
— 
A Oo 
8 100 0 
Ry 
820 2 
Ry 
Bo 
1 100 2 
io 


» FIGURE 7-79 


*43. Find Fy and Vout in Figure 7-80. 


4 FIGURE 7-80 


44. Determine Voy for the R/2R ladder network in Figure 7-81 for the following conditions: 
(a) Switch SW2 connected to +12 V and the others connected to ground 
(b) Switch SW1 connected to +12 V and the others connected to ground 


+12V 


SWI 24k0 


=i 
R, 12kQ 


SW2 24k 
Re 


SW3 24kO 
Rg 


SW4 24k0 


» FIGURE 7-81 
a 
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45. Repeat Problem 44 for the following conditions: 
(a) SW3 and SW4 to +12 V, SW1 and SW2 to ground 
(b) SW3 and SW1 to +12 V, SW2 and SW4 to ground 
(c) All switches to +12 V 


SECTION 7-6 The Wheatstone Bridge 


46. A resistor of unknown value is connected to a Wheatstone bridge circuit. The bridge parame- 
ters for a balanced condition are set as follows: Ry = 18k and R2/R4 = 0.02. What is Ry? 


47. A load cell has four identical strain gauges with an unstrained resistance of 120.000 © for each 
gauge (a standard value). When a load is added, the gauges in tension increase their resistance 
by 60 mE, to 120.060 C2 and the gauges in compression decrease their resistance by 60 mQ. to 
119.940 © as shown in Figure 7-82. What is the output voltage under load? 


48. Determine the output voltage for the unbalanced bridge in Figure 7-83 for a temperature of 
60°C. The temperature resistance characteristic for the thermistor is shown in Figure 7-60. 


R 
Thermistor 


SG1 
120.060 0 


$G2 
119.940 O 


$G3 S$G4 
119.940 0 120.060 


4 FIGURE 7-82 & FIGURE 7-83 


SECTION 7-7 Troubleshooting 


49. Is the voltmeter reading in Figure 7-84 correct? 


50. Are the meter readings in Figure 7-85 correct? 


47k©. 


» FIGURE 7-84 A FIGURE 7-85 


276 


Sd 


SeRiesS-PARALLEL CIRCUITS 


51. There is one fault in Figure 7-86. Based on the meter indications, determine what the fault is. 


& FIGURE 7-86 


52. Look at the meters in Figure 7-87 and determine if there is a fault in the circuit. If there is a 
fault, identify it. 


A FIGURE 7-87 


53. Check the meter readings in Figure 7-88 and locate any fault that may exist. 
54. If R> in Figure 7-89 opens, what voltages will be read at points A, B, and C? 


+ 
Ty 


» FIGURE 7-88 A FIGURE 7-89 
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Multisim Troubleshooting and Analysis 
ew These problems require your Multisim CD-ROM. 
55. Open file PO7-55 and measure the total resistance. 
56. Open file PO7-56. Determine by measurement if there is an open resistor and, if so, which one. 


57. Open file P07-57 and determine the unspecified resistance value. 


58. Open file PO7-58 and determine how much the load resistance affects each of the resistor 
voltages. 


59. Open file PO7-59 and find the shorted resistor, if there is one. 
60. Open file PO7-60 and adjust the value of Ry until the bridge is approximately balanced. 


SECTION REVIEWS 


SECTION 7-1 Identifying Series-Parallel Relationships 
1. A series-parallel resistive circuit is a circuit consisting of both series and parallel connections 
2. See Figure 7-90. 
3. Resistors R, and R2 are in series with the parallel combination of R3 and R4. 
4 


. R3, Rq, and Rs are in parallel. Also the series-parallel combination Rz + (R3 || Ry || Rs) is in 
parallel with R). 


tn 


. Resistors R; and R2 are in parallel; R3 and Ry are in parallel. 


Nn 


. Yes, the parallel combinations are in series. 


>» FIGURE 7-90 


SECTION 7-2 Analysis of Series-Parallel Resistive Circuits 


1. Voltage-divider and current-divider formulas, Kirchhoff’s laws, and Ohm’s law can be used in 
series-parallel analysis. 


2. Rp = Ri + Ro|| R3 + Rg = 6080. 

3. 1; = [Ro(Ro + R3)\p = 11-1 mA 

4. Vo = IhRy = 3.65V 

5. Rp = 470, + 270 + (270 + 270) || 470 = 99.1.0; 77 = 1: VW/99.1.0 = 10.1mA 


SECTION 7-3 Voltage Dividers with Resistive Loads 
1. The load resistor decreases the output voltage. 
2. True 


3. Vout unloaded) = (100k0Q/147 kQ)30 V= 204 Ve Voutdoadea) = (9.1 kO/56.1 kQ)30 Vv 
= 487V 


SECTION 7-4 Loading Effect of a Voltmeter 


1. A voltmeter loads a circuit because the internal resistance of the meter appears in parallel with 
the circuit resistance across which it is connected, reducing the resistance between those two 
points of the circuit and drawing current from the circuit. 

2. No, because the meter resistance is much larger than 1.0kQ. 


3. Yes. 
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SECTION 7-5 Ladder Networks 
1. See Figure 7-91. 
2. Rp = 11.6k0, 
3. Iz = 10 V/11.6k©O = 859 pA 


4. In = 640 pA 
5. Vz = 141V 
> FIGURE 7-91 R, R; Rs R, 
R, R, Rg 


SECTION 7-6 The Wheatstone Bridge 
1. See Figure 7-92. 
2. The bridge is balanced when V, = Vg; that is, when Voyr = 0 
3. Ry = 15kO, 
4, An unbalanced bridge is used to measure transducer-sensed quantities. 


® FIGURE 7-92 


SECTION 7-7 Troubleshooting 
1. Common circuit faults are opens and shorts. 
2. The 10kO resistor (R3) is open. 
3. (a) Va =55V(b) We =55V (0) Vg = 54.2V (dV, = 100V—s te) Vg = OV 


A Circuit Application 
1. P = 2.25 W; yes, a very tiny effect 
2. The loading decreases. 
3. Yes, worst case is RryERM = 0, so 15 V is across R3 + Ry, making power less than '% W. 


4. The output voltage of the op-amp can only be at a maximum or a minimum level, causing one 
LED or the other to be on at a time, but not both. 


RELATED PROBLEMS FOR EXAMPLES 
7-1 The new resistor is in parallel with Ry + Ro || Rs. 
7-2 The resistor has no effect because it is shorted. 
7-3 The new resistor is in parallel with Rs. 
7-4 Atognd: Ry = Ry + R3|| (R, + Ro) 

Bto gnd: Ry = Ry + Rp || (Ry + R3) 

Ctognd: Rp = Ry 


7-5 Rand R¢ are in series. 

7-6 5510 

7-7 12830 

7-8 2.38mA 

7-9 I, = 35.7mA;); = 23.4mA 
7-10 V, = 44.8V;V, = 35.2V 
7-11 2.04V 


7-12 Vaz = 5.48 V: Vac = 1.66 V: Vep = 0.86 V 


7-13 3.39V 


7-14 Increase Rj, Ro, and R3 proportionally. 


7-15 5.19 V 
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7-16 1, = 7.16mA; fb = 3.57 mA; Jz = 3.57mA; 1, = 1.74mA; 1, = 1.85 mA; 
Ig = 1.85 mA; V4 = 29.3 V; Vg = 17.4V; Vc = 8.70 V 


7-17 3.3kO0 
7-18 0.45V 

7-19 5.73V:0V 

7-20 9.46V 

7-21 V, = 12 V; Vp, = 13.8V 


SELF-TEST 
1. (e) 2. (c) 3. (c) 4. (c) 
9. (d) 10. (b) 11. (b) 12. (b) 


CIRCUIT DYNAMICS QUIZ 

1. (b) 2. (a) 3. (a) 4. (a) 
7. (b) 8. (c) 9. (c) 10. (c) 
13. (b) 14. (b) 15. (a) 16. (a) 


5. (b) 
13. (b) 


5. (b) 
11. (b) 
17. (a) 


6. (a) 7. (b) 8 (b) 
14. (a) 15. @) 


6. (a) 
12. (a) 
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The DC Voltage Source 

The Current Source 

Source Conversions 

The Superposition Theorem 
Thevenin’s Theorem 

Norton’s Theorem 

Maximum Power Transfer Theorem 
Delta-to-Wye (A-to-Y) and 
Wye-to-Delta (Y-to-A) Conversions 


Superposition theorem 
Thevenin’s theorem 
Norton’s theorem 


4 
° 
’ 
¢ 
° 


Maximum power transfer 


AND CONVERSIONS 


- 


In the circuit application, a temperature-measurement and 
control circuit uses a Wheatstone bridge like the one you 
studied in Chapter 7. You will utilize Thevenin’s theorem as 
well as other techniques in the evaluation of this circuit. 


VISIT THE COMPANION WEBSITE 


Study aids for this chapter are available at http://www. 
prenhall.com/floyd 


audio amplifier that provides maximum power to a speaker. 
Delta-to-wye and wye-to-delta conversions are sometimes 
useful when you analyze bridge circuits that are commonly 
found in systems that measure physical parameters such as 
temperature, pressure, and strain. 


A Circuit Application INTRODUCTION 
In previous chapters, you analyzed various types of circuits =>. 
using Ohm’s law and Kirchhoff’s laws. Some types of circuits i. 
F >. are difficult to analyze using only those basic laws and »’ 
Describe the characteristics of a dc voltage source require additional methods in order to simplify the analysis. 
Descrie the characteristics of a current source The theorems and conversions in this chapter make analy- ~~ 
Perform source conversions sis easier for certain types of circuits. These methods do not 
2 a é replace Ohm’s law and Kirchhoff’s laws, but they are nor- 
ppeline  ealcdilaas alle Q _—- — a used in conjunction with the laws in certain situations. 
Apply Thevenin’s theorem to simplify a circuit for analysis Because all electric circuits are driven by either voltage . 
Apply Norton’s theorem to simplify a circuit sources or current sources, it is important to understand _— 
Apply the maximum power transfer theorem how to work with these elements. The superposition theo- all 
SE RY to-A cofversions rem will help you to deal with circuits that have multiple 
sources. Thevenin’s and Norton’s theorems provide methods 
for reducing a circuit to a simple equivalent form for ease of 
analysis. The maximum power transfer theorem is used in = 
Terminal equivalency applications where it is important for a given circuit to pro- = 
vide maximum power to a load. An example of this is an 
> 
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8-1 Tue DC VOLTAGE SOURCE 


As you learned in Chapter 2, the de voltage source is one of the principal types of 
energy source in electronic applications, so it is important to understand its character- 
istics. The de voltage source ideally provides constant voltage to a load even when the 
load resistance varies. 


ta 


this section, you should be able to 


= 


Figure 8—1(a) is the familiar symbol for an ideal dc voltage source. The voltage across 
its terminals, A and B, remains fixed regardless of the value of load resistance that may be 
connected across its output. Figure 8—1(b) shows a load resistor, R;, connected. All of the 
source voltage, Vs, is dropped across R;. Ideally, R, can be changed to any value except 
zero, and the voltage will remain fixed. The ideal voltage source has an internal resistance 


of zero. 
<@ FIGURE 8-1 
A 
| Ideal dc voltage source. 
+ 
i — 
B 
(a) Unloaded (b) Loaded 


In reality, no voltage source is ideal; however, regulated power supplies can approach 
ideal when operated within the specified output current, All voltage sources have some in- 
herent internal resistance as a result of their physical and/or chemical makeup, which can 
be represented by a resistor in series with an ideal source, as shown in Figure 8—2(a). Rs is 
the internal source resistance and Vs is the source voltage. With no load, the output voltage 
(voltage from A to B) is Vs. This voltage is sometimes called the open circuit voltage. 


Voltage source Voltage source <4 FIGURE 8-2 
Practical voltage source. 


(a) Unloaded (b) Loaded 
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EXAMPLE 8-1 


Solution 


Related Problem 


Loading of the Voltage Source 


When a load resistor is connected across the output terminals, as shown in Figure 8—2(b), 
all of the source voltage does not appear across R;. Some of the voltage is dropped across 
Rs because Rs and R; are in series. 

If Rg is very small compared to R,, the source approaches ideal because almost all of the 
source voltage, Vs, appears across the larger resistance, R,. Very little voltage is dropped 
across the internal resistance, Rs. If R;, changes, most of the source voltage remains across 
the output as long as R; is much larger than Rs. As a result, very little change occurs in the 
output voltage. The larger R; is, compared to Rg, the less change there is in the output volt- 
age. Example 8-1 illustrates the effect of changes in R, on the output voltage when Ry is 
much greater than Rs. 


Calculate the voltage output of the source in Figure 8-3 for the following values of Ry: 
100 ©, 560 O, and 1.0k. 


FIGURE 8-3 


For R; = 100 ©, the voltage output is 


Cf Rt _ (1000 q 
Vour = (x 7 x Ys = ($8) 100 v = 90.9V 


For R, = 560 Q, 


560 0 
Vout = (206 )100v = 98.2V 


For R; = 1.0kQ, 


1000 0 
1010.02 


Vour = ( )1oov = 99.0 


Notice that the output voltage is within 10% of the source voltage, Vs, for all three 
values of R;, because R, is at least ten times Rs. 


Determine Voy in Figure 8-3 if Rs = 50 Q and R,; = 10k. 


Use Multisim file E08-01 to verify the calculated results in this example and to confirm 
your calculation for the related problem. 


* Answers are at the end of the chapter. 


The output voltage decreases significantly as the load resistance is made smaller com- 
pared to the internal source resistance. Example 8-2 illustrates the effect of a smaller R, 
and confirms the requirement that R; must be much larger than Rg (at least 10 times) in 
order to maintain the output voltage near its open circuit value. 
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for Ry = 10 QO. and for Ry = 1.0 2 in Figure 8-3. 
oltage output is 


‘a eR, aa) 
Vour = { ——=— }Vs = | ——~ }100 V = 50V 
ae = a ae 


100 
/ =A eae 1 = 9, 
Vout Golo 9.09 V 
h no load resistor in Figure 8-3? 


istance of the ideal voltage source? 
d have on the output voltage of the practical voltage source? 


8—2 THE CURRENT SOURCE 


As you learned in Chapter 2, the current source is another type of energy source that 
ideally provides a constant current to a load even when the resistance of the load varies. 
The concept of the current source is important in certain types of transistor circuits. 


After completing this section, you should be able to 


Describe the characteristics of a current source 


Figure 8—4(a) shows a symbol for the ideal current source. The arrow indicates the di- 
rection of source current, /y. An ideal current source produces a constant value of current 
through a load, regardless of the value of the load. This concept is illustrated in Figure 
8-4(b), where a load resistor is connected to the current source between terminals A and B. 
The ideal current source has an infinitely large internal parallel resistance. 


A 6 FIGURE 8-4 
A 
Ideal current source. 


B 


(a) Unloaded (b) Loaded 
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Transistors act basically as current sources, and for this reason, knowledge of the cur- 
rent source concept is important. You will find that the equivalent model of a transistor does 
contain a current source. 

Although the ideal current source can be used in most analysis work, no actual device is 
ideal. A practical] current source representation is shown in Figure 8—5. Here the internal re- 
sistance appears in parallel with the ideal current source. 


® FIGURE 8-5 Current source 
Practical current source with load. 


If the internal source resistance, Rg, is much larger than a load resistor, the practical source 
approaches ideal. The reason is illustrated in the practical current source shown in Figure 8-5. 
Part of the current, /s, is through Rs, and part is through R,. The internal source resistance, 
Rs, and the load resistor, R;, act as a current divider. If Rs is much larger than R,, most of the 
current is through Ry, and very little through Rs. As long as Ry remains much smaller than Rs, 
the current through Ry; will stay almost constant, no matter how much RK; changes. 

If there is a constant-current source, you can normally assume that Rs is so much larger 
than the load resistance that Rs can be neglected. This simplifies the source to ideal, mak- 
ing the analysis easier. 

Example 8-3 illustrates the effect of changes in R; on the load current when R; is much 
smaller than Rs. Generally, Ry, should be at least ten times smaller than Rs (1OR, = Rs) for 
a source to act as a reasonable current source. 


10kQ 


Jig = | ——— }1A = 990mA 
Oa (ee) 
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thin 10% of the source current for each value 
naller than Rg in each case. 


1 the load current equal 750 mA? 


| current source? 
‘urrent of the practical current source? 


8-3 SouRCE CONVERSIONS 


In circuit analysis, it is sometimes useful to convert a voltage source to an equivalent 
current source, or vice versa. 


After completing this section, you should be able to 


¢ Perform source conversions 


Converting a Voltage Source to a Current Source 


The source voltage, Vs, divided by the internal source resistance, Rs, gives the value of the 
equivalent source current. 
V. 
T Ss — 2 
Rs 


The value of Rs is the same for both the voltage and current sources. As illustrated in Figure 
8-7, the directional arrow for the current points from minus to plus. The equivalent current 
source is in parallel with Rg. 


<@ FIGURE 8-7 


Conversion of voltage source to 
equivalent current source. 


(a) Voltage source (b) Current source 
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Equivalency of two sources means that for any given load resistance connected to the 
two sources, the same load voltage and load current are produced by both sources. This 
concept is called terminal equivalency. 

You can show that the voltage source and the current source in Figure 8-7 are equiva- 
lent by connecting a load resistor to each, as shown in Figure 8-8, and then calculating the 
load current. For the voltage source, the load current is 


Vs 


(pS 
a6. 38 


7 Ry+ R; Rs 


(a) Loaded voltage source (b) Loaded current source 


4 FIGURE 8-8 
Equivalent sources with loads. 


For the current source, 


As you see, both expressions for J; are the same. These equations show that the sources are 
equivalent as far as the load or terminals A and B are concerned. 
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livalent to a voltage source with Vs = 12 V 


a 


Converting a Current Source to a Voltage Source 


The source current, /s5, multiplied by the interna] source resistance, Rs, gives the value of 
the equivalent source voltage. 


Vs = Iss 


Again, Rs remains the same. The polarity of the voltage source is minus to plus in the 
direction of the current. The equivalent voltage source is the voltage in series with Rs, as 


illustrated in Figure 8-11. 
A A 
R. 
a S 
Ig Rs IgRg = 
B B 
(a) Current source {b) Voltage source 


4 FIGURE 8-11 
Conversion of current source to equivalent voltage source. 
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B 


/oltage source equivalent to a current source with Is = 


ling a voltage source to a current source. 


ig a current source to a voltage source. 
Sure 814 to an equivalent current source. 
igure 8-15 to an equivalent voltage source. 


FIGURE 8-15 


THE 


Recall that an ideal voltage source has a zero internal resistance and an ideal current source has 
infinite internal resistance. All sources will be treated as ideal in order to simplify the coverage. 
A general statement of the superposition theorem is as follows: 


The current in any given branch of a multiple-source circuit can be found by de- 
termining the currents in that particular branch produced by each source acting 
alone, with all other sources replaced by their internal resistances. The total cur- 
rent in the branch is the algebraic sum of the individual currents in that branch. 


The steps in applying the superposition method are as follows: 


Step 1. Leave one voltage (or current) source at a time in the circuit and replace each 
of the other voltage (or current) sources with its internal resistance. For ideal 
sources a short represents zero internal resistance and an open represents infi- 
nite internal resistance. 


Step 2. Determine the particular current (or voltage) that you want just as if there were 
only one source in the circuit. 


Step 3. Take the next source in the circuit and repeat Steps 1 and 2. Do this for each source. 


Step 4. To find the actual current in a given branch, algebraically sum the currents due 
to each individual source. (If the currents are in the same direction, they are 
added. If the currents are in opposite directions, they are subtracted with the di- 
rection of the resulting current the same as the larger of the original quantities.) 
Once you find the current, you can determine the voltage using Ohm’s law 


The approach to superposition is demonstrated in Figure 8-16 for a series-parallel cir- 
cuit with two ideal voltage sources. Study the steps in this figure. 


Short 
Voy replaces 
Vso 
(a) Problem: Find J,. (b) Replace Vg» with zero resistance (short). 
Short R, R; oe 
replaces 
Vey —_—_ Ry z Von 
(d) Find J, due to Vs, (current divider): (e) Replace Vg) with zero resistance (short). 


R 
Lys (=m) Ae 


(g) Find fy due to Voo: (h) Restore the original sources. Add 2451) and Lys) 
R, to get the actual J, (they are in same direction): 
hyg2= (ae +> ) tsa b= lagi t lygny 


» FIGURE 8-16 


Demonstration of the superposition method 
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(c) Find Ry and /; looking from Vg): 
Rays = Ry + Ro Rg 
Tysiy = Vsi/Rars1y 


(f) Find Ry and /; looking from Veo: 
Ryygz = R3 +R, Ro 
Fy¢s2) = Vso! Rays2) 
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EXAMPLE 8-6 


Use the superposition theorem to find the current through R of Figure 8-17. 


FIGURE 8-17 


vi 


f. 
= 
hull 


Solution Step 1: Replace Vs2 with a short and find the current through R> due to voltage 
source Vs}, as shown in Figure 8-18. To find J5, use the current-divider 
formula (Equation 6—6). Looking from Vs), 


R 
Rrgy = Ri + = 100 + 509 = 1500 


Vsi _ 10V 
= —!. = ——_ = 66 7mA 
‘rs Rrsy 1500 


The current through R2 due to Vs; is 


R3 100 0 
; = | ————— = || iE mA = 333 mA 
Sh G + as ai 7) ; 


Note that this current is downward through R>. 


FIGURE 8-18 


Replace Vg5 with 
a short 


Step 2: Find the current through R2 due to voltage source Vso by replacing Vs; with a 
short, as shown in Figure 8—19. Looking from Vso, 


R 
Rays2) = R3 > = 1000 +500 = 1500 


I _ GEA 
782)" Rr) «1502 


= 33.3mA 


The current through R> due to Vso is 


R, 100 
L = | ————_ = {| ———_ y = i 
282) (= ae Janse (sn ray 3 3mA = 16.7mA 


Note that this current is downward through R>. 
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FIGURE 8-19 
Ri R; 
Replace Vg; 
with 100 0 
a short : 


a 
=. Vs2 
| ce 


Step 3: Both component currents are downward through R, so they have the same 
algebraic sign. Therefore, add the values to get the total current through R>. 


Lory = Lys) SF Lys) = 33.3mA + 16.7mA = 50mA | 


Related Problem Determine the total current through R> if the polarity of Vs. in Figure 8-17 is reversed. 


Use Multisim file E08-06 to verify the calculated results in this example and to confirm 
your calculation for the related problem. 


EXAMPLE 8-7 Find the current through R> in the circuit of Figure 8-20. 


FIGURE 8-20 


Solution Step 1: Find the current through Rj due to Vs by replacing /, with an open as shown 
in Figure 8—21. 


FIGURE 8-21 


Notice that all of the current produced by Vg is through R2. Looking from Vs, 
Ry = R, + Ry — 320 0 
The current through R> due to Vs is 


Vs 10 V 


apg 


a = 


Note that this current is downward through Rp. 
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Related Problem 


EXAMPLE 8-8 


Solution 
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Step 2: Find the current through R> due to Is by replacing Vs with a short, as shown in 


Figure 8-22. 
R, 
Replace Vs 20 0 
with 
a short R, I Is 
100 0 2 100 mA 
FIGURE 8-22 


Use the current-divider formula to determine the current through Rp» due to Is. 


R 220 0 
a = | —— )100ma = 68.8mA 
2Uls) e Ts (He) a - 


Note that this current also is downward through Rp. 
Step 3: Both currents are in the same direction through R2, so add them to get the total. 


Laon = Tavs) =f ya) = 31.2mA + 68.8mA = 100mA 


If the polarity of Vs in Figure 8—20 is reversed, how is the value of Is affected? 


Find the current through the 100 © resistor in Figure 8-23 


FIGURE 8-23 


Step 1: Find the current through the 100 ( resistor due to current source Js; by replac- 
ing source Ig9 with an open, as shown in Figure 8-24. As you can see, the en- 
tire 10 mA from the current source Js; is downward through the 100 ©. resistor. 


FIGURE 8-24 


100 © 
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Step 2: Find the current through the 100 Q, resistor due to source Isp by replacing 
source Ig, with an open, as indicated in Figure 8-25. Notice that all of the 
3 mA from source Js is upward through the 100 © resistor. 


FIGURE 8-25 


Step 3: To get the total current through the 100 © resistor, subtract the smaller current 
from the larger because they are in opposite directions. The resulting total cur- 
rent is in the direction of the larger current from source /s). 


Toonaory = Hoong, ~ /1000ds2) 
= 10mA — 3mA =7mA 


The resulting current is downward through the resistor. 


Related Problem If the 100 € resistor in Figure 8-23 is changed to 68 ©, what will be the current 
through it? 


— 


EXAMPLE 8-9 Find the total current through R3 in Figure 8-26. 


FIGURE 8-26 


Solution Step 1: Find the current through R3 due to source Vs; by replacing source Vs> with a 
short, as shown in Figure 8-27. 
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Looking from Vs1, 


RoR3 (1.0k0)(2.2kQ) 
R =R, + = 1.0kQ + ————— = 169k0 
a | (ORR; oe 3.2k0, 
V 20 V 
ys = Si = =a esanA 


Rrsy-1.69kO 


Now apply the current-divider formula to get the current through R3 due to 
source Vg). 


Ro 1.0k0 
Fys1) = (a ins = (eee )in.8ma = 3.69 mA 


Notice that this current is downward through R3. 


Step 2: Find /; due to source Vs» by replacing source Vs; with a short, as shown in 


Figure 8-28. 


Looking from Vso, 


ee jong 4 COMVC2K) _ conn 
ee RR 3.2kO maa 
V. 15V 
Iy82) — ae = 8.88mA 


Rysx  1.69kO 


Now apply the current-divider formula to find the current through R3 due to 
source Vs. 


Ry 1.0k0 
Lis = —_— = 
3(S2) e + = T(S2) (2 ko )s 88 mA = 2.78mA 


Notice that this current is upward through R3. 
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Step 3: Calculate the total current through R3. 
Tact) ae Fx51) a Iys2) = 3.69mA — 2.78mA = 0.91mA = 910 BA 


This current is downward through R3. 


Find Igqo1) in Figure 8-26 if Vs; is changed to 12 V and its polarity reversed. 


r ‘Use Muitisim file E08-09 to verify the calculated results in this example and to confirm 
your calculation for the related problem. 


Although regulated de power supplies are close to ideal voltage sources, many ac 
sources are not. For example, function generators generally have 50 © or 600 ©. of inter- 
nal resistance, which appears as a resistance in series with an ideal source. Also, batteries 
can look ideal when they are fresh; but as they age, the internal resistance increases. When 
applying the superposition theorem, it is important to recognize when a source is not ideal 
and replace it with its equivalent internal resistance. 

Current sources are not as common as voltage sources and are also not always ideal. If 
a current source is not ideal, as in the case of many transistors, it should be replaced by its 
equivalent internal resistance when the superposition theorem is applied. 


n useful for analysis of multiple-source circuits? 
orted and an ideal current source opened when the 
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Thevenin’s theorem provides a method for simplifying a circuit to a standard equiva- 
lent form. This theorem can be used to simplify the analysis of complex circuits. 


After completing this section, you should be able to 
« Apply Thevenin’s theorem to simplify a circuit for analysis 
¢ Describe the form of a Thevenin equivalent circuit 
¢ Obtain the Thevenin equivalent voltage source 


¢ Obtain the Thevenin equivalent resistance 
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« Explain terminal equivalency in the context of Thevenin’s theorem 


¢ Thevenize a portion of a circuit 


BIOGRAP The Thevenin equivalent form of any two-terminal resistive circuit consists of an equiv- 
alent voltage source (V7};) and an equivalent resistance (Ry), arranged as shown in Figure 
8-30. The values of the equivalent voltage and resistance depend on the values in the orig- 
inal circuit. Any resistive circuit can be simplified regardless of its complexity with respect 
to two output terminals. 


<@ FIGURE 8-30 


Rry The general form of a Thevenin 
cue equivalent circuit is a voltage source 


ie Vou in series with a resistance. 


The equivalent voltage, Vz, is one part of the complete Thevenin equivalent circuit. 
The other part is Ry. 


| Ti 
opment of long-distance 


; : The Thevenin equivalent voltage (V7y) is the open circuit (no-load) voltage 
undergrodn telegraph — between two output terminals in a circuit. 

During his career, Thevenin 

became increasingly interested in Any component connected between these two terminals effectively “sees” Vyy in series 


the problems of measurements in with Ryy. As defined by Thevenin’s theorem, 
electrical circuits and later 
developed his now famous 
theorem which made calculations 
involving complex circuits possible. Although a Thevenin equivalent circuit is not the same as its original circuit, it acts the 
same in terms of the output voltage and current. Try the following demonstration as illus- 
trated in Figure 8-31. Place a resistive circuit of any complexity in a box with only the 


The Thevenin equivalent resistance (R7}) is the total resistance appearing between 
two terminals in a given circuit with all sources replaced by their internal resistances. 


» FIGURE 8-31 


Which box contains the original 
circuit and which contains the 
Thevenin equivalent circuit? You 
cannot tell by observing the meters. 


Same J, and V; 
readings 


(a) 


(b) 


output terminals exposed. Then place the Thevenin equivalent of that circuit in an identical 
box with, again, only the output terminals exposed. Connect identical load resistors across 
the output terminals of each box. Next connect a voltmeter and an ammeter to measure the 
voltage and current for each load as shown in the figure. The measured values will be iden- 
tical (neglecting tolerance variations), and you will not be able to determine which box 
contains the original circuit and which contains the Thevenin equivalent. That is, in terms 
of your observations based on any electrical measurements, both circuits appear to be the 
same. This condition is sometimes known as terminal equivalency because both circuits 
look the same from the “viewpoint” of the two output terminals. 

To find the Thevenin equivalent of any circuit, determine the equivalent voltage, 
Vy, and the equivalent resistance, R74, looking from the output terminals. As an ex- 
ample, the Thevenin equivalent for the circuit between terminals A and B is developed 
in Figure 8-32. 
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§ Ry isin 
series with 
R, I Ro, 


OV 7 R, Vs 
Veu= Veo= ( R ae replaced 
Same : by short. R, 
voltage 
parallel. 
B 
(a) Finding V- (b) Finding R 
TH TH 
A 
Rru 
+ 
a Vey 


(c) Thevenin equivalent circuit 


A FIGURE 8-32 
Example of the simplification of a circuit by Thevenin’s theorem. 


In Figure 8—32(a), the voltage across the designated terminals A and B is the Thevenin 
equivalent voltage. In this particular circuit, the voltage from A to B is the same as the volt- 
age across Kk» because there is no current through R3 and, therefore, no voltage drop across 
it. The Thevenin voltage is expressed as follows for this particular example: 


V. =( Ra v 
TVR + ie 


In Figure 8—32(b), the resistance between terminals A and B with the source replaced by 
a short (zero internal resistance) is the Thevenin equivalent resistance. In this particular cir- 
cuit, the resistance from A to B is R3 in series with the parallel combination of R; and Ro. 
Therefore, Ryy is expressed as follows: 


R\R2 


= 
Re 


The Thevenin equivalent circuit is shown in Figure 8-32(c). 


Rry = Ry +R, Rp 
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EXAMPLE 8-10 Find the Thevenin equivalent circuit between A and B of the circuit in Figure 8-33. 


FIGURE 8-33 


R, Ry 


Solution First, remove R,;. Then Vy equals the voltage across Rp + R3, as shown in Figure 
8-34(a), because V4 = O V since there is no current through it. 


Ry + R3 ) (ee) 
Vex = | ———*—_]v, = { ——— 10 vv = 408V 
ue Geese Ss \1690 0 


To find Ryy, first replace the source with a short to simulate a zero internal resist- 
ance. Then Ry appears in parallel with R2 + R3, and Rj is in series with the series- 
parallel combination of R,, Ro, and R3, as indicated in Figure 8—34(b). 


Ry(R2 + Rs) (1000 0)(690 ©) 
Ci = 10000 + - - = 14100 
coe RE Ry + R; 1690 0 
The resulting Thevenin equivalent circuit is shown in Figure 8—34(c). 
Rg is in series with R, ll (R2 + R3). 
R, R, R, Ry 
1000 © 1000 © 1000 © 1000 
Wp 4 
Vg replaced R, 
by short 470 0 
parallel umm £:,, 
with Kim 
Ry +R. 
B 
(a) The voltage from A to B is Vry and equals V2,3. (b) Looking from terminals A and B, Ry appears in series 


with the combination of R, in parallel! with (R2 + R3). 


Rin 


r Wy oA 
14100 
Vin = 
4.08 V ah 
OB 


(c} Thevenin equivalent circuit 


FIGURE 8-34 


Related Problem Determine Vyy and Ryy if a 560 resistor is connected in parallel across Ry and R3. 


Use Multisim file E08-10 to verify the calculated results in this example and to confirm 
: your calculations for the related problem. 


Thevenin Equivalency Depends on the Viewpoint 


The Thevenin equivalent for any circuit depends on the location of the two output terminals 
from which the circuit is “viewed.” In Figure 8-33, you viewed the circuit from between the 
two terminals labeled A and B. Any given circuit can have more than one Thevenin equivalent, 
depending on how the output terminals are designated. For example, if you view the circuit in 
Figure 8-35 from between terminals A and C, you obtain a completely different result than if 
you viewed it from between terminals A and B or from between terminals B and C. 


R 


WN —oa 


Viewed from 
<em terminals 
Aare Viewed from 
% B <qemm terminals 
7 Viewed from Aand C 
ems terminals 
B and € 


Cc 


In Figure 8-36(a), when viewed from between terminals A and C, Vyy 1s the voltage 
across Ry + R3 and can be expressed using the voltage-divider formula as 


: =| Ry + R3 ) 
THAC) R, ac Ro oe R; 8 


Also, as shown in Figure 8—36(b), the resistance between terminals A and C is Rp + R3 in 
parallel with R, (the source is replaced by a short) and can be expressed as 
R _ Riko + Rs) 
THAC)  R, + Rp + R; 
The resulting Thevenin equivalent circuit is shown in Figure 8—36(c). 


When viewed from between terminals B and C as indicated in Figure 8—36(d), Vy is the 
voltage across R3 and can be expressed as 


V. = ( Rs \v 
THES AR, + he aay 


Rayo) 


— /. 


TH(AC) 


(c) Thevenin equivalent 


Rr 


vs (©) Rrugeq = 311 (Ry + Ro) (f) Thevenin equivalent 


1 + Ry + R3 
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<< FIGURE 8-35 


Thevenin’s equivalent depends on 
the output terminals from which the 
circuit is viewed. 


<< FIGURE 8-36 


Example of a circuit thevenized from 
two different sets of terminals. Parts 
(a), (b), and (0 illustrate one set 

of terminals and parts (d), (e), and 
(f) illustrate another set of terminals. 
(The Vy, and Ry} values are different 
for each case.) 
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» FIGURE 8-37 


Example of thevenizing a portion of 


a circuit. In this case, the circuit is 
thevenized from the viewpoint of the 
load resistor, R3. 


As shown in Figure 8—36(e), the resistance between terminals B and C is R3 in parallel with 
the series combination of RK, and Ro. 


R _ _R3(Ri + Ro) 
ee Re ie 


The resulting Thevenin equivalent is shown in Figure 8-36 (f). 


Thevenizing a Portion of a Circuit 


In many cases, it helps to thevenize only a portion of a circuit. For example, when you need 
to know the equivalent circuit as viewed by one particular resistor in the circuit, you can re- 
move the resistor and apply Thevenin’s theorem to the remaining part of the circuit as 
viewed from the points between which that resistor was connected. Figure 8—37 illustrates 
the thevenizing of part of a circuit. 


@ Remove R, 
Vs 
@) Thevenize 
— from R; 
viewpoint 
of R 3 
(a) Original circuit (b) Remove R; and thevenize 


Ryp= Ry WRs 


(c) Thevenin equivalent of original circuit with R; connected 


Using this type of approach, you can easily find the voltage and current for a specified 
resistor for any number of resistor values using only Ohm’s law. This method eliminates 
the necessity of reanalyzing the original circuit for each different resistance value. 


Thevenizing a Bridge Circuit 


The usefulness of Thevenin’s theorem is perhaps best illustrated when it is applied to a 
Wheatstone bridge circuit. For example, when a load resistor is connected to the output ter- 
minals of a Wheatstone bridge, as shown in Figure 8—38, the circuit is difficult to analyze 
because it is not a straightforward series-parallel arrangement. There are no resistors that 
are in series or in parallel with another resistor. 


» FIGURE 8-38 


A Wheatstone bridge with a load 
resistor connected between the out- 
put terminals is not a straightforward 
series-parallel circuit. 
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Using Thevenin’s theorem, you can simplify the bridge circuit to an equivalent circuit 
viewed from the load resistor as shown step-by-step in Figure 8-39. Study carefully the 
steps in this figure. Once the equivalent circuit for the bridge is found, the voltage and cur- 
rent for any value of load resistor can easily be determined. 


(a) Remove R,. 


(d) Replace Vg with a short. Note: The (e) Redraw to find Ry: (f) Thevenin’s equivalent 
red lines represent the same Roy = R,WR,+ Rg Ry with R; reconnected 
electrical point as the red lines 
in Part (e). 


4& FIGURE 8-39 
Simplifying a Wheatstone bridge with Thevenin’s theorem. 
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Remove R;. 
To thevenize the bridge as viewed from between terminals A and B. as was 
shown in Figure 8—39, first determine V7. 


Y= Y= Ya= (=e - (ev 
TH YA 1D R, + Rp s R3 + R4 : 
= (ee pa = (ae pay = 16.16V — 1084V = 532V 


10100 1240 0 


— RR, R3R4 


a (330 2)(680 Q) a (680 )(560 9) 


= ar QO = 5290 
10100 1240 0 ga as 


- Connect the load resistor between terminals A and B of the equivalent circuit, 
and determine the load voltage and current as illustrated in Figure 8-41. 


Rp 1.0k0 
= (—4+— Se 5.32. V = 3.48 V 
Yi (= + a) (“3 =) 


Thevenin’s equivalent 
for the Wheatstone 
bridge ‘\ 


fy for Ry = 2.2kO, Ry = 3.3kO, Ry = 3.9kO, and Ry = 2.7kO. 


file E08-11 to verify the calculated results in this example and to confirm 
on for the related problem. 


An Alternate Approach An alternate way to thevenize the Wheatstone bridge is to con- 
sider a different viewpoint. Instead of viewing it from between the A and B terminals, you 
can view it from terminal A to ground and from terminal B to ground, as illustrated in Figure 
8-42(a) and (b). The resulting equivalent circuit is simplified into two facing Thevenin cir- 
cuits that still include ground, as illustrated in Figure 8—42(c). When calculating the Thevenin 
resistance, the voltage source is replaced by a short; thus, two of the bridge resistors are 
shorted out. In Figure 8—42(a), R3 and Ry are shorted and in part (b) R; and R> are shorted. 
In each case, the remaining two resistors appear in parallel to form the Thevenin resistance. 
The load resistor can be replaced as in Figure 8—42(d), which is seen to be a simple series 
circuit with two opposing sources. The advantage of this method is that ground is still shown 


R, and R, are 
shorted by 
R, source 


(a) Viewed between A and ground (b) Viewed between B and ground 


Rry= Ryy= 
Ri Ry, pg Rall Ry Ree Rr, Rm 
Vin= | VV VV | Vt = vv AA vv 
+ + + + 
R. R 
i a Vs w By — 
SAW is pao so) Ri +R, a 
(c) Equivalent facing Thevenin circuits (d) Load resistor connected 


A FIGURE 8-42 


in this equivalent circuit, so it is easy to find the voltage at terminal A or B with respect to 
ground by applying the superposition theorem to the equivalent circuit. 


Summary of Thevenin’s Theorem 


Remember, the Thevenin equivalent circuit is always in the form of an equivalent voltage 

source in series with an equivalent resistance regardless of the original circuit that it re- 

places. The significance of Thevenin’s theorem is that the equivalent circuit can replace the 

original circuit as far as any external load is concerned. Any load resistor connected. be- 

tween the terminals of a Thevenin equivalent circuit will have the same current through it 

and the same voltage across it as if it were connected to the terminals of the original circuit. 
A summary of steps for applying Thevenin’s theorem is as follows: 


Step 1. Open the two terminals (remove any load) between which you want to find the 
Thevenin equivalent circuit. 


Step 2. Determine the voltage (Vy) across the two open terminals. 


Step 3. Determine the resistance (Ry) between the two open terminals with all 
sources replaced with their internal resistances (ideal voltage sources shorted 
and ideal current sources opened). 

Step 4. Connect Vyy and Ryy in series to produce the complete Thevenin equivalent 
for the original circuit. 

Step 5. Replace the load removed in Step 1 across the terminals of the Thevenin equiv- 
alent circuit. You can now calculate the load current and load voltage using 
only Ohm’s law. They have the same value as the load current and load voltage 
in the original circuit. 


Determining V7, and Ry, by Measurement 


Thevenin’s theorem is largely an analytical tool that is applied theoretically in order to sim- 
plify circuit analysis. However, you can find Thevenin’s equivalent for an actual circuit by 
the following general measurement methods. These steps are illustrated in Figure 8-43. 
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R, and R are 
shorted by 


R, source. 


e 
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Step 1. Remove any load from the output terminals of the circuit. 


Step 2. Measure the open terminal voltage. The voltmeter used must have an internal 
resistance much greater (at least 10 times greater) than the Rpy of the circuit so 
that it has negligible loading effect. (Vyy is the open terminal voltage.) 


Step 3. Connect a variable resistor (rheostat) across the output terminals. Set it at its 
maximum value, which must be greater than Ryyy. 


Step 4. Adjust the rheostat until the terminal voltage equals 0.5V7py. At this point, the 
resistance of the rheostat is equal to Ry. 


Step 5. Disconnect the rheostat from the terminals and measure its resistance with an 
ohmmeter. This measured resistance is equal to Ry. 


a 
1 ———o 
ae 
under Eee R,, 
test 
—_———o 


Step 1: Open the output terminals (remove load). 


Remax) z2 Roy 


under Ry 


Step 3: Connect variable load resistance set to its 
maximum value across the terminals. 


Roy 
Ll, bs 


Step 5: Remove R, from the circuit under test 
and measure its resistance to get Ry. 


A FIGURE 8-43 


Ven 
LLU 
\\S yoo# 


Step 2: Measure V4. 


Step 4: Adjust R, until V, = 0.5V-y. 
When V, = O0.5Vay, Ry = Rey: 


Determination of Thevenin’s equivalent by measurement. 


This procedure for determining Ryy differs from the theoretical procedure because it is 
impractical to short voltage sources or open current sources in an actual circuit. Also, when 
measuring Ry, be certain that the circuit is capable of providing the required current to the 
variable resistor load and that the variable resistor can handle the required power. These 
considerations may make the procedure impractical in some cases. 
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An Example of a Practical Application 


Although you have not studied transistor circuits, a basic amplifier can be used to illustrate 
the usefulness of Thevenin’s equivalent circuit. A transistor circuit can be modeled with ba- 
sic components including a dependent current source and a Thevenin equivalent circuit. 
Modeling is generally a mathematical simplification of a complex circuit, retaining only the 
most important parts of the circuit and eliminating those that have only a minimum effect. 

A typical dc model of a transistor is shown in Figure 8—44. This type of transistor (bipolar 
junction transistor) has three terminals, labeled base (B), collector (C), and emitter (E). In this 
case, the emitter terminal is both an input and an output, so it is common. The dependent cur- 
rent source (diamond-shaped symbol) is controlled by the base current, Jy. For this example, 
the current from the dependent source is 200 times larger than the base current as expressed 
by the term B/,, where B is a transistor gain parameter and, in this case, 8B = 200. 

The transistor is part of a dc amplifier circuit, and you can use the basic model to pre- 
dict the output current. The output current is larger than the input circuit can provide by it- 
self. For example, the source can represent a small transducer, such as a solar cell with an 
internal resistance of 6.8 k.. It is shown as an equivalent Thevenin voltage and Thevenin 
resistance. The load could be any device that requires higher current than the source can 
provide directly. 


7 
Cc OUT 


Thevenin equivalent of the input source Transistor model Load 


& FIGURE 8-44 
DC transistor circuit. The diamond-shaped symbol indicates a dependent current source. 


0 md the left part of the circuit in Figure 8—44. Solve for Ip. 


d 
at 


r  16V-07V 


“68K = 132 pA 


2 A)2(470 0.) = 8.19 pW 
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' 


Related Problem 


The power in the load resistor is 327 mW/8.19 pW = 39,927 times greater than the 
power that the Thevenin input circuit could deliver to the same load. This illustrates 
that the transistor can operate as a power amplifier. 


Determine the input voltage at the base (B) of the transistor. Compare this value to 
Vout. By how much does the amplifier increase the input voltage? 


8-6 NORTON’S THEOREM 


FIGURE 8—46 


Form of Norton’s equivalent circuit. 


Like Thevenin’s theorem, Norton’s theorem provides a method of reducing a more 
complex circuit to a simpler equivalent form. The basic difference is that Norton’s the- 
orem results in an equivalent current source in parallel with an equivalent resistance. 


After completing this section, you should be able to 

¢ Apply Norton’s theorem to simplify a circuit 
¢ Describe the form of a Norton equivalent circuit 

¢ Obtain the Norton equivalent current source 


¢ Obtain the Norton equivalent resistance 


Norton’s theorem is a method for simplifying a two-terminal linear circuit to an 
equivalent circuit with only a current source in parallel with a resistor. The form of Nor- 
ton’s equivalent circuit is shown in Figure 8-46. Regardless of how complex the original 
two-terminal circuit is, it can always be reduced to this equivalent form. The equivalent 
current source is designated Jy, and the equivalent resistance is designated Ry. To apply 
Norton’s theorem, you must know how to find the two quantities fy and Ry. Once you 
know them for a given circuit, simply connect them in parallel to get the complete Norton 
circuit. 
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Norton’s Equivalent Current (Jy) 


Norton’s equivalent current (Ix) is the short-circuit current between two output 
terminals in a circuit. 


Any component connected between these two terminals effectively “sees” a current source 
Ix in parallel with Ry. To illustrate, suppose that a resistive circuit of some kind has a 
resistor (R,) connected between two output terminals in the circuit, as shown in Figure 
8—47(a). You want to find the Norton circuit that is equivalent to the one shown as “seen” 
by R,. To find Jy, calculate the current between terminals A and B with these two terminals 
shorted, as shown in Figure 8—47(b). Example 8—13 demonstrates how to find [y. 


~ FIGURE 8-47 


Determining the Norton equivalent 
current, Iy. 


B 
(a) Original circuit (b) Short the terminals to get J. 


" (47 Q)(100 9) 


mon 


valent Norton current source. 


if the value of R> is doubled. 


rify the calculated results in this example and to confirm 
| problem. 
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Norton’s Equivalent Resistance (Rj) 
Norton’s equivalent resistance (Ry) is defined in the same way as Ry. 


The Norton equivalent resistance, Ry, is the total resistance appearing between 
two output terminals in a given circuit with all sources replaced by their internal 
resistances. 


Example 8—14 demonstrates how to find Ry. 


EXAMPLE 8-14 Find Ry for the circuit within the beige area of Figure 8—48(a) (see Example 8-13). 


Solution First reduce Vg to zero by shorting it, as shown in Figure 8—49. Looking in at terminals A 
and B, you can see that the parallel combination of R, and Rp is in series with R3. Thus, 


R 47 0, 
Ry = Ry + > = 1000 fo = 124.0 


FIGURE 8-49 


Replace Vg 
with a short 


Related Problem Determine Ry in Figure 8—48(a) if the value of R2 is doubled. 


Examples 8-13 and 8-14 have shown how to find the two equivalent components of a 
Norton equivalent circuit, Jy and Ry. Keep in mind that these values can be found for any 
linear circuit. Once these are known, they must be connected in parallel to form the Norton 
equivalent circuit, as illustrated in Example 8-15. 


EXAMPLE 8-15 Draw the complete Norton equivalent circuit for the original circuit in Figure 8—48(a) 
(Example 8-13). 


Solution In Examples 8-13 and 8-14 you found that Jy = 20.2 mA and Ry = 124 ©. The 
Norton equivalent circuit is shown in Figure 8-50. 


FIGURE 8-50 


Ty 
20.2 mA 


Related Problem Find Ry for the circuit in Figure 8—48(a) if all the resistor values are doubled 


Summary of Norton’s Theorem 


Any load resistor connected between the output terminals of a Norton equivalent circuit 
will have the same current through it and the same voltage across it as if it were connected 
to the output terminals of the original circuit. A summary of steps for theoretically apply- 
ing Norton’s theorem is as follows: 


Step 1. Short the two terminals between which you want to find the Norton equivalent 
circuit. 


Step 2. Determine the current (/\) through the shorted terminals. 


Step 3. Determine the resistance (Rx) between the two open terminals with all sources 
replaced with their internal resistances (ideal voltage sources shorted and ideal 
current sources opened). Ry = Ryy.- 


Step 4. Connect /y and Ry in parallel to produce the complete Norton equivalent for 
the original circuit. 


Norton’s equivalent circuit can also be derived from Thevenin’s equivalent circuit by use 
of the source conversion method discussed in Section 8-3. 


An Example of a Practical Application 


A voltage amplifier in a digital light meter is modeled using a Norton equivalent circuit and 
a dependent voltage source. A block diagram of the light meter is shown in Figure 8-51. 
The light meter uses a photocell as a sensor. The photocell is a current source that produces 
a very small current proportional to the incident light. Because it is a current source, a Nor- 
ton circuit can be used to model the photocell. The very small amount of current from the 
photocell is converted to a small input voltage across Rx. A de amplifier is used to increase 
the voltage to a level sufficient for driving the analog-to-digital converter. 


ow 
oe 
Analog-to- 
——~ __ Photocell mee ic; digital | Display 
converter 


In this application, only with the first two blocks in the light meter diagram are of inter- 
est. These have been modeled as shown in Figure 8-52. The photocell has been modeled as 
a Norton circuit on the input. The output of the Norton circuit is fed to the amplifier’s input 
resistance, which converts the current /y to a small voltage Vj. The amplifier increases this 
voltage by 33 to drive the analog-to-digital converter which, for simplicity, is modeled sim- 
ply as a load resistor, R;. The value of 33 is the gain of this particular amplifier. 


Photocell Amplifier 


NorTon’s THEOREM 


< FIGURE 8-51 
Light meter block diagram. 


& FIGURE 8-52 


Photocell and amplifier model. The diamond-shaped symbol indicates a dependent voltage source. 


¢ 
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Refer to Figure 8-52. 

(a) Apply the current-divider rule to the input Norton circuit to calculate hy. 
(b) Use Ohm’s law to calculate Vix. 

(c) Determine the voltage from the dependent voltage source. This gain is 33. 


(d) Apply the voltage-divider rule to calculate Voy. 
Rn - 10MOQ)\ | 
(a) fin = IG a 5) = (5.5 pai ee) =5paA 
(b) Vin = nin = 6 wA)CO0KQ) = 0.5V 
(ec) 33Viy = G3)(0.5 V) = 16.5 V 


(d) Vout = G3 ( 


) = (16.5 V)(0.403) = 6.65 V 


L 
R, + Rout 


If the photocell is replaced by one having the same current but a Norton equivalent re- 
sistance of 2.0 MQ, what is the output voltage? 


on equivalent circuit? 


8—7 MAXIMUM POWER TRANSFER THEOREM 


The maximum power transfer theorem is important when you need to know the value 
of the load at which the most power is delivered from the source. 


After completing this section, you should be able to 
¢ Apply the maximum power transfer theorem 
¢ State the theorem 


¢ Determine the value of load resistance for which maximum power is transferred 
from a given circuit 
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The maximum power transfer theorem is stated as follows: 


For a given source yoltage, maximum power is transferred from a source to a load 
when the load resistance is equal to the internal source resistance. 


The source resistance, Rs, of a circuit is the equivalent resistance as viewed from the out- 
put terminals using Thevenin’s theorem. A Thevenin equivalent circuit with its output 
resistance and load is shown in Figure 8-54. When R; = Rg, the maximum power possi- 
ble is transferred from the voltage source to Ry, for a given value of Vs. 


<@ FIGURE 8-54 


Maximum power is transferred to 
the load when R; = Rs. 


Practical applications of the maximum power transfer theorem include audio systems 
such as stereo, radio, and public address. In these systems the resistance of the speaker is 
the load. The circuit that drives the speaker is a power amplifier. The systems are typically 
optimized for maximum power to the speakers. Thus, the resistance of the speaker must 
equal the internal source resistance of the amplifier. 

Example 8-17 shows that maximum power occurs when R;, = Rs. 


an internal source resistance of 75 ©. Determine the 
wing values of load resistance: 
(©) 500 (@) 750 (e) 1000 (f) 1250 


h | power versus the load resistance. 


s tov 
ee Ie TBO se (LO) 
PR, = (133 mAYO.Q) = OmW 


= 133mA 
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(b) For R; = 250, 
Vs 10V 
[= = = 100mA 
Roe Go.0) 4+ 25 0 


P, = I’R,, = (100 mA)°(25 O) = 250 mW 


(ec) For R; = 500, 
Vs 10V 
I= = = 80mA 
meee O™ 


P; = I’R;, = (80mA)*(50 2) = 320mW 


(d) For R; = 75, 

Vs 10V 
Rs +R, 1500 

P, = PR; = (66.7 mA)*(75 QO) = 334 mW 


I = 66.7 mA 


(e) For R; = 1000, 
V. 
ee OV § it mA 
Rg +R, 1750 
P, = PR, = (57.1 mA)*(100 Q) = 326 mW 
(f) For R, = 1250, 


fees —__10V 
Rs qe R, 200 0 
P, = PR, = (50mA)?°(125 QO) = 313 mW 


= 50mA 


Notice that the load power is greatest when R; = 75 ©, which is the same as the 
internal source resistance. When the load resistance is less than or greater than this 
value, the power drops off, as the curve in Figure 8-56 graphically illustrates. 


P, (mW) 


eweeeenanl 


R, (Q) 


FIGURE 8-56 


Curve showing that the load power is maximum when R,; = Rs. 


If the source resistance in Figure 8-55 is 600 0, what is the maximum power that can 
be delivered to a load? 


Detta-to-Wye (A-1o-Y) AND WyeE-TO-Detta (Y-To-A) Conversions * 313 


er transfer theorem. 
r delivered from a source to a load? 


internal source resistance of 50 ©. What will be the value of the 
m power is delivered? 


8-8 De.ta-To-WyeE (A-To-Y) AND WyYE-TO-DELTA (Y-TO-A) CONVERSIONS 


Conversions between delta-type and wye-type circuit arrangements are useful in cer- 
tain specialized three-terminal applications. One example is in the analysis of a loaded 
Wheatstone bridge circuit. 


After completing this section, you should be able to 


¢ Perform A-to-Y and Y-to-A conversions 


att 


A resistive delta (A) circuit is a three-terminal arrangement as shown in Figure 8-57(a). 
A wye (Y) circuit is shown in Figure 8-57(b). Notice that letter subscripts are used to 
designate resistors in the delta circuit and that numerical subscripts are used to designate 
resistors in the wye circuit. 


Rc ~~ FIGURE 8-57 
Delta and wye circuits. 


(a) Delta (b) Wye 


A-to-Y Conversion 


It is convenient to think of the wye positioned within the delta, as shown in Figure 8-58. 
To convert from delta to wye, you need Rj, R2, and R3 in terms of Ry, Rp, and Rc. The 
conversion rule is as follows: 


Each resistor in the wye is equal to the product of the resistors in two adjacent 
delta branches, divided by the sum of all three delta resistors. 


<4 FIGURE 8-58 


“Y within A” aid for conversion 
formulas. 


314 


® CIRCUIT THEOREMS AND CONVERSIONS 


Equation 8-1 


Equation 8-2 


Equation 8-3 


Equation 8-4. 


Equation 8—5 


Equation 8-6 


In Figure 8-58, R, and Rc are adjacent to Rj; therefore, 
RaRc 
Tek 


Ri 


Also, Rp and Re are adjacent to R2, so 
RpRc 


Rp 


and Ry, and Rp are adjacent to R3, so 
RaRp 
Re 
Ra + Rp + Rc 


Y-to-A Conversion 


To convert from wye to delta, you need Ry, Rp, and Rc in terms of Rj, R2, and R3. The con- 
version rule is as follows: 


Each resistor in the delta is equal to the sum of all possible products of wye resis- 
tors taken two at a time, divided by the opposite wye resistor. 
In Figure 8-58, R2 is opposite to R4; therefore, 
R,R> + RyR3 + RoR3 
Ry, = > 
Rp 
Also, R; is opposite to Rp, so 
R,R2 + R,R3 + RoR3 
Ry, = ~~ 
R, 
and R3 is opposite to Re, so 
R,Rz + R,R3z + RoR3 
Cc =e 
R3 


-59 to a wye circuit. 


(2200)1000)  _ 
te | 2200 + 5602 + 1000 | 
_ (560 0)(100 2) 
6 B800 
(220 0)(560 Q) 
880 0 “a 


25 0 


= 63.60, 


1400 
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The resulting wye circuit is shown in Figure 8-60. 


FIGURE 8-60 


R, Ry 


Related Problem Convert the delta circuit to a wye network for Ra = 2.2k0, Rg = 1.0kQ, and 
Rc = 1.8 kQ. 


EXAMPLE 8-19 Convert the wye circuit in Figure 8-61 to a delta circuit. 


FIGURE 8-61 
Ri Ry 


1.0kQ 


Solution Use Equations 8—4, 8-5, and 8-6. 
R,R> + R,R3 + RoR3 
Ry = 


R 
(1.0k0)(2.2kQO) + (1.0k0)(5.6kQ) + (2.2k0)(5.6kO) 
oi ko 
2.2kO, 
R,R> + RiR3 + RoR; 
Rp SS 
Ri 
(1.0k0)(2.2kQ) + 0..0k0)(5.6kQ) + (2.2k0)(5.6 kD) 
= = 20.1k0, 
1.0k0 
RyRz + RyR3z + RoR 
Rc — 
R3 
_ (1.0k0)(2.2kQ) + eres kQ) + (2.2k0)(5.6kQ) = 350Kn 


The resulting delta circuit is shown in Figure 8-62. 


FIGURE 8-62 


Related Problem Convert the wye circuit to a delta circuit for R; = 100 0, Rp = 3300, and 
Rz = 4700. 
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B 
(a) Ra, Rg, and Re form a delta. 


Application of A-to-Y Conversion to a Bridge Circuit 


In Section 8—5 you learned how Thevenin’s theorem can be used to simplify a bridge cir- 
cuit. Now you will see how A-to-Y conversion can be used for converting a bridge circuit 
to a series-parallel form for easier analysis. 

Figure 8-63 illustrates how the delta (A) formed by Ry, Rp, and Rc can be converted to 
a wye (Y), thus creating an equivalent series-parallel circuit. Equations 8-1, 8—2, and 8-3 
are used in this conversion. 


= 
B 
(b) Ry, Ro, and R; form an (c) Part (b) redrawn as a series- 
equivalent wye. parallel circuit. 


» FIGURE 8-63 
Conversion of a bridge circuit to a series-parallel configuration. 


In a bridge circuit, the load is connected between terminals C and D. In Figure 8—-63(a), 
Rc represents the load resistor. When voltage is applied across terminals A and B, the volt- 
age from C to D (Vcp) can be determined using the equivalent series-parallel circuit in 
Figure 8—63(c) as follows. The total resistance from terminal A to terminal B is 


(Ry + Rp)(R2 + Re) 


Ry = +R 
tT (R, + Rp) + (Ro + RD . 
Then, 
VaB 
ve a eee 
ae 


The resistance of the parallel portion of the circuit in Figure 8-63(c) is 


Hts (R; + Rp)(R2 + Rg) 
TP) (Ry + Rp) + (Ro + Re) 


The current through the left branch is 
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The voltage at terminal C with respect to terminal A is 
Vca = Va — I4cRp 
The voltage at terminal D with respect to terminal A is 
Vpa = Va — IapRe 
The voltage from terminal C to terminal D is 
Vep = Vea — Voa 
= (V4 — IgcRd) — (Va — TapRe) = IgpRe — IacRd 


Vcp is the voltage across the load (Rc) in the bridge circuit of Figure 8—-63(a). 
The load current through Rc can be found by Ohm’s law. 


EXAMPLE 8-20 Determine the voltage across the load resistor and the current through the load resistor 
in the bridge circuit in Figure 8-64 Notice that the resistors are labeled for convenient 
conversion using Equations 8—1, 8—2, and 8-3. Rc is the load resistor. 


FIGURE 8-64 


Solution First, convert the delta formed by Ry, Rp, and Rc to a wye. 


a RaRc 7 (2.2kO)(18 kQ) 
Re +tRet Reo 2.2k0 + 2.7k0 + 18k0 
" RpRc _ (2.7kO)18kO) 
"Rat+RetRe 22.9k0 
3 RaRp (2.2kO)(2.7kQ) 
~ Ra + Ra tReo 22.9kO 


= 1.73k0 


Ry 


R, = 212k0 


R; = 2590, 


The resulting equivalent series-parallel circuit is shown in Figure 8-65. 
Next, determine Ry and the branch currents in Figure 8-65. 


_ (Ri + Ro (Rp + Re) 
T (Ry + Rp) + (Ro + Re) 


(6.43 kO)(6.02 kQ) 
6.43kQ. + 6.02kO 


+ 259 Q = 3.11kQ + 2590 = 3.37k0 


meas 12V 


vé = eee 
eek, 3370 


= 3.56mA 
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FIGURE 8-65 


The total resistance of the parallel part of the circuit, Ry), is 3.11 kQ.. 


Rt) ) ( 3.11k0 ) 
ee __ 3. Se mA = 1.72mA 
aC | +Rp)" \1.73kO + 4.7kO is 

Rip) ) 3.11kO 
3 6 mA = 1.84mA 
ae = z (sek nm om * 7 


The voltage from terminal C to terminal D is 
Vop = TIapRr —_ I,cRp = (1.84 mA)(3.9 kQ) a (1.72 mA)(4.7 kQ) 
=718V — 8.08V = —-09V 


Von is the voltage across the load (R-) in the bridge circuit shown in Figure 8-64. 
The load current through Rc is 
— Yap —09V 


7, = =r 50 A 
Fe“ R-  ‘18kQ ha 


Related Problem Determine the load current, Ip... in Figure 8-64 for the following resistor values: 
Ra = 27k, Rp = 33kQ, Rp = 39kQ. Re = 47kO, and Rc = 100k0. 


Use Multisim file E08-20 to verify the calculated results in this example and to confirm 
your calculation for the related problem. 
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A Circuit Application 


The Wheatstone bridge circuit was in- 
troduced in Chapter 7 and expanded in 
this chapter to include the use of 
Thevenin’s theorem. In Chapter 7, the 
circuit application used a thermistor in one arm of the bridge to 
sense temperature. The bridge was used to compare the resistance 
of the thermistor with the resistance of a rheostat, which set the 
temperature at which the output would switch from one polarity 


to the opposite for turning on a heater in a tank filled with a liquid. : 


In this circuit application, you will work with a similar circuit, 


but this time it will be used to monitor the temperature in the tank : 


to provide a visual indication that the temperature is within a 
specified range. 


The Temperature Monitor 


The basic measuring circuit in the temperature monitor is a 
Wheatstone bridge with an ammeter and a series resistor acting 
as the load. The meter is an analog panel meter with a sensitivity 
of 50 WA full scale. The Wheatstone bridge temperature- 
measuring Circuit is shown in Figure 8—66(a), and the meter 
panel is shown in Figure 8-66(b). 


The Thermistor 


The thermistor is the same one used in the circuit application of 
Chapter 7, specifically a Thermometrics RL2006-13.3K-140-D1 
thermistor with a specified resistance of 25 kQ, at 25°C anda B 
of 4615K. Recall that 8 is a constant supplied by the manufac- 
turer that indicates the shape of the temperature-resistance char- 
acteristic. As given earlier, the exponential equation for the 
resistance of a thermistor is approximated by 


(a) Temperature-measuring circuit 
with thermistor 


where: 

Ry = the resistance at a given temperature 

: Ro = the resistance at a reference temperature 
To = the reference temperature in K (typically 
i 298 K, which is 25°C) 

T = temperature (K) 


B = aconstant (K) provided by the manufacturer 


: A plot of this equation was given previously in Figure 7-60. You 
: can confirm that your thermistor resistance calculations in this 
: circuit application are in reasonable agreement with this plot. 


; Temperature Measuring Circuit 


: The Wheatstone bridge is designed to be balanced at 20°C. The 
resistance of the thermistor is approximately 33 kQ, at this 
temperature. You can confirm this value by substituting the tem- 
: perature (in Kelvin) into the equation for Ry. Remember that the 
temperature in K is °C + 273. 

¢@ Substituting into the equation for Ry, calculate the resistance 
of the thermistor at a temperature of 50°C (full-scale deflec- 
tion of the meter). 


: © Thevenize the bridge between terminals A and B by keeping 
the ground reference and forming two facing Thevenin 

i circuits as was illustrated in Figure 8-42. Assume the ther- 

i mistor temperature is 50°C and its resistance is the value cal- 
: culated previously. Draw the Thevenin circuit for this 
temperature but do not show a load. 

Show the load resistor for the Thevenin circuit you drew. 

H The load is a resistor in series with the ammeter, which will 
: have a current of 50 wA at full scale (50°C). You can find 

i the value of the required load resistor by applying the 


» FIGURE 8-66 


1a Temperature a | 
indicator " 


(b) Meter panel 
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superposition theorem to the two sources and calculating the 
total resistance from Ohm’s law (using the full-scale deflec- 
tion as the current). Subtract the Thevenin resistance of each 
arm from the total resistance to obtain the required load resis- 
tance. Neglect the meter resistance. Show the value calcu- 


lated on the Thevenin circuit. 


@ Calculate the thermistor resistance for the lower and upper 
limits of temperature (30°C and 40°C). Draw Thevenin cir- 
cuits for each temperature and calculate the current through 


the load resistor. 


The Meter Scale 


A requirement for the temperature monitor is to mark three color 
bands on the meter to indicate that the temperature is within the 


desired range. The desired range is between a low of 30°C and 
40°C. The meter should indicate a too-cold range from 20°C to 
30°C, a proper operating range from 30°C to 40°C, and a too hot 
range from 40°C and 50°C. Full-scale deflection of the meter 
should be set for 50°C. 


® Indicate how you would mark the meter to have a quick vi- 
sual indication of the temperature in the tank. 


Review 
1. At 35°C, what is the current in the meter? 


2. What change is needed if a 100 .A meter is used instead of a 
50 2A meter? 


° 


An idea) voltage source has zero internal resistance. [t provides a constant voltage across its ter- 


minals regardless of the load resistance. 

A practical voltage source has a nonzero internal resistance. 

An ideal current source has infinite internal resistance. It provides a constant current regardless of 
the load resistance. 

A practical current source has a finite interna] resistance. 

The superposition theorem is useful for multiple-source circuits. 


Thevenin’s theorem provides for the reduction of any two-terminal linear resistive circuit to 
an equivalent form consisting of an equivalent voltage source in series with an equivalent 
resistance. 

The term equivalency, as used in Thevenin’s and Norton’s theorems, means that when a given load 
resistance is connected to the equivalent circuit, it will have the same voltage across it and the 
same current through it as when it was connected to the original circuit. 

Norton’s theorem provides for the reduction of any two-termina) linear resistive circuit to an 
equivalent form consisting of an equivalent current source in parallel with an equivalent resist- 
ance. 

Maximum power is transferred to a load from a source when the load resistance equals the inter- 
nal source resistance. 


These key terms are also defined in the end-of-book glossary. 


Maximum power transfer For a given source voltage, a transfer of maximum power from a source 
to a load occurs when the load resistance equals the internal source resistance. 


Norton’s theorem A method for simplifying a two-terminal linear circuit to an equivalent circuit 
with only a current source in parallel with a resistance. 


Superposition theorem A method for the analysis of circuits with more than one source. 


Terminal equivalency The concept that when any given load resistance is connected to two 
sources, the same load voltage and load current are produced by both sources. 


Thevenin’s theorem A method for simplifying a two-terminal linear circuit to an equivalent 
circuit with only a voltage source in series with a resistance. 
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A-to-Y Conversions 


RR 
8-1 a 
Ry + Ry © Re 

RpR, 
32 GS ee 
Rothe foe 

RR 

8-3 R3 = as 


Ra + Rg + Ro 
Y-to-A Conversions 


R,R2 + RyRy + RoR 


8-4 Ra, = 

A R 

RR. + RyRz + RoR 

gs Ree iR3 23 
Ry 

RR + RyR3z + RR 

8-6 es io pa 2R3 
3 


SELF-TES: ie Answers are at the end of the chapter. 


1. A 100 ©. load is connected across an ideal voltage source with Vs = 10 V. The voltage across 
the load is 


(a) OV (b) 10 V (ec) 100 V 

2. A 100 © load is connected across a voltage source with Vj = 10 V and Rg = 10 ©. The volt- 
age across the load is 
(a) 10V (b) OV (c) 9.09 V (d) 0.909 V 

3. A certain voltage source has the values Vs = 25 V and Rs = 5 ©. The values for an equivalent 
current source are 
(a) 5A,50 (b) 254,50 (c) 5A, 1250 

4, A certain current source has the values Jz; = 3 4A and Rs = 1.0 MQ. The values for an equiv- 
alent voltage source are 
(a) 3 pV, 1.0MQ (b) 3 V, 1.0MO, (c) 1 V,3.0MQ 

5. In a two-source circuit, one source acting alone produces 10 mA through a given branch. The 


other source acting alone produces 8 mA in the opposite direction through the same branch. 
The actual current through the branch is 


(a) 1OmA (b) 18mA (c) 8mA (d) 2mA 


6. Thevenin’s theorem converts a circuit to an equivalent form consisting of 


(a) acurrent source and a series resistance 
(b) a voltage source and a parallel resistance 
(c) a voltage source and a series resistance 
(d) a current source and a parallel resistance 
7. The Thevenin equivalent voltage for a given circuit is found by 
(a) shorting the output terminals 
(b) opening the output terminals 
(c) shorting the voltage source 
(d) removing the voltage source and replacing it with a short 


8. A certain circuit produces 15 V across its open output terminals, and when a 10 kQ) load is con- 
nected across its output terminals, it produces 12 V. The Thevenin equivalent for this circuit is 


(a) 15 V in series with 10kQ (b) 12 V in series with 10kO, 
(c) 12 V in series with 2.5k0, (d) 15 V in series with 2.5k0, 
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9. Maximum power is transferred from a source to a load when 
(a) the load resistance is very large 
(b) the load resistance is very small 
(c) the load resistance is twice the source resistance 
(d) the load resistance equals the source resistance 
10. For the circuit described in Question 8, maximum power is transferred to a 
(a) 10k©. load (b) 2.5k© load (c) an infinitely large resistance load 


wer: are at the end of the chapter. 
Refer to Figure 8-69. 
1. If a short develops across Ry, the voltage across Rs 
(a) increases (b) decreases (c) stays the same 
2. If the 2 V source opens, the voltage across Rj 
(a) increases (b) decreases (c) stays the same 
3. If R2 opens, the current through R, 


(a) increases (b) decreases (c) stays the same 


Refer to Figure 8-77. 
4. If R; opens, the voltage at the output terminal with respect to ground 
(a) increases (b) decreases (c) stays the same 
5. If either of the 5.6k©. resistors are shorted, the current through the load resistor 
(a) increases (b) decreases (c) stays the same 
6. If either of the 5.6 kO resistors are shorted, current from the source 
(a) increases (b) decreases (c) stays the same 


Refer to Figure 8-79. 
7. If the input to the amplifier becomes shorted to ground, the current drawn from both voltage sources 
(a) increases (b) decreases (c) stays the same 


Refer to Figure 8-82. 
8. If R, is actually 1.0 kQ instead of 10k, the expected voltage between A and B 
(a) increases (b) decreases (c) stays the same 


9. Ifa 10 MQ load resistor is connected from A to B, the voltage between A and B 
(a) increases (b) decreases {c) stays the same 
10. If a short develops across Ry, the magnitude of the voltage between A and B 


(a) increases (b) decreases (c) stays the same 


Refer to Figure 8-84. 
11. If the 220 O resistor opens, Vaz 

(a) increases (b) decreases (c) stays the same 
12. Ifa short develops across the 330 (1 resistor, Vz 


(a) increases (b) decreases (c) stays the same 


Refer to Figure 8—85(d). 
13. If the 680 © resistor opens, the current through Ry, 

(a) increases (b) decreases (c) stays the same 
14. If the 47 © resistor becomes shorted, the voltage across Ry, 


(a) increases (b) decreases (c) stays the same 
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More difficult problems are indicated by an asterisk ("). 
Answers to odd-numbered problems are at the end of the book. 


SECTION 8-3 Source Conversions 
1. A voltage source has the values Vs = 300 V and Rs = 50 ©. Convert it to an equivalent cur- 


rent source. 
2. Convert the practical voltage sources in Figure 8-67 to equivalent current sources. 


> FIGURE 8-67 A r 
100.0 
# 2.20 
—— KW _ 


= 12V 
+ 
B B 
(a) (b) 


3. A fresh D cell battery has a terminal voltage of 1.6 V and can supply up to 8.0 A into a short 
for a very short time. What is the internal resistance of the battery? 


4, Draw the voltage and current source equivalent circuits for the D cell in Problem 3 
5. A current source has an Js of 600 mA and an Rg of 1.2 kQ. Convert it to an equivalent voltage 


source. 
6. Convert the practical current sources in Figure 8-68 to equivalent voltage sources, 


» FIGURE 8-68 A A 
10mA 4.7kQ O.0OLA 2.7kO 
B B 
b) 


(a) ( 


SECTION 8—4_ The Superposition Theorem 
7. Using the superposition method, calculate the current through Rs in Figure 8-69. 


8. Use the superposition theorem to find the current in and the voltage across the R2 branch of 
Figure 8-69. 


» FIGURE 8-69 


9. Using the superposition theorem, solve for the current through R3 in Figure 8-70. 


» FIGURE 8-70 


100 mA 680.0 + 470.0 
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10. Using the superposition theorem, find the load current in each circuit of Figure 8—71. 


1.0kO 8.2 kO 560 0 


10kO 2A 2.2k0 


ch 


1.0kO 
(a) (b) 


A FIGURE 8-71 


11. A comparator circuit is shown in Figure 8-72. The input voltage, Vy, is compared to the refer- 
ence voltage, Vpgr, and an output is generated that is negative if Vaz > Vpn; otherwise it is 
positive. The comparator does not load either input. If Rz is 1.0kQ,, what is the range of the 
reference voltage? 


12. Repeat Problem 11 if R2 is 10kQ2. 


> FIGURE 8-72 


® FIGURE 8-73 


14. The switches in Figure 8~74 are closed in sequence, SW1 first. Find the current through R, 
after each switch closure. 
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» FIGURE 8-74 


*15. Figure 8-75 shows two ladder networks. Determine the current provided by each of the batter- 
ies when terminals A are connected (A to A) and terminals B are connected (B to B). 


Re Rg Rio 


» FIGURE 8-75 


SECTION 8-5  Thevenin’s Theorem 


16. For each circuit in Figure 8-76, determine the Thevenin equivalent as seen from terminals A 
and B. 


270 0 


(b) 


10kQ 


O.1A 2.2kQ 2.2k0 R, 


os @ 
» FIGURE 8-76 
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17. Using Thevenin’s theorem, determine the current through the load R,, in Figure 8-77. 


» FIGURE 8-77 10k 10kQO 10k0, 


+ 
“Ty 


*18. Using Thevenin’s theorem, find the voltage across R4 in Figure 8-78. 


Vour 


®» FIGURE 8-78 


4 
10kQO 


19. Find the Thevenin equivalent for the circuit external to the amplifier in Figure 8-79. 


® FIGURE 8-79 


+ 

Ry 

2.2kO 
R, 
100 0 

a R 

= 3 
ae 12ka 


20. Determine the current into point A when Rg is 1.0kQ, 5kQ, and 10k. in Figure 8-80 


» FIGURE 8-80 
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*21. Find the current through the load resistor in the bridge circuit of Figure 8-81 


4& FIGURE 8-81 


22. Determine the Thevenin equivalent looking from terminals A and B for the circuit in 
Figure 8-82. 


ky 
15kO 


Ra 
{/=0.2mA 


A FIGURE 8-82 


SECTION 8-6 Norton’s Theorem 
23. For each circuit in Figure 8—76, determine the Norton equivalent as seen by R,. 
24. Using Norton’s theorem, find the current through the load resistor Ry, in Figure 8-77. 
*25. Using Norton’s theorem, find the voltage across Rs in Figure 8-78. 
26. Using Norton’s theorem, find the current through R, in Figure 8-80 when Rg = 8kQ. 
27. Determine the Norton equivalent circuit for the bridge in Figure 8-81 with Ry removed. 
28. Reduce the circuit between terminals A and B in Figure 8—83 to its Norton equivalent. 


» FIGURE 8-83 
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29. Apply Norton’s theorem to the circuit of Figure 8-84 


» FIGURE 8-84 
330 
5 


—_—oA 
a 
100 Q 220 0 
ne 
— 
il es 
SECTION 8-7 Maximum Power Transfer Theorem 


30. For each circuit in Figure 8-85, maximum power is to be transferred to the load R;. Determine 
the appropriate value for R, in each case. 


» FIGURE 8-85 


A 
O- 
50 mA 8.2 kO R, 
B 
(b) 
4.70 Se : 


470, 
20, Rr 


680 0 


(c) (d) 


31. Determine the value of R,, for maximum power in Figure 8-86. 


820 
470 8.20 4 
ip 
8.20 15V T 1mA 150 R 


*32. How much power is delivered to the load when Ry, is 10% higher than its value for maximum 
power in Figure 8-86? 


© FIGURE 8-86 


*33. What are the values of Ry and Ry, when the maximum power is transferred from the 
thevenized source to the ladder network in Figure 8-877 
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Roy R, R3 Rs 
Sas AM, AW 
05A 220 100 470 
Z R R 
Vin = 48V 47.0 die 20 


» FIGURE 8-87 


SECTION 8-8 Delta-to-Wye (A-to-Y) and Wye-to-Delta (Y-to-A) Conversions 
34. In Figure 8-88, convert each delta network to a wye network. 


1.0MQ 


(a) (b) 


& FIGURE 8-88 


35. In Figure 8-89, convert each wye network to a delta network. 


» FIGURE 8-89 


(a) (b) 


*36. Find all currents in the circuit of Figure 8-90. 


» FIGURE 8-90 


Ry 
39 kO 
+ 
136 V =. Cc 
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\ Multisim Troubleshooting and Analysis 
These problems require your Multisim CD-ROM. 
37. Open file P08-37 and verify that the current through each resistor is correct and, if not, deter- 
mine the fault. 


38. Open file P08-38 and determine by measurement the Thevenin equivalent for the circuit 
between terminal A and ground. 


39. Open file PO8-39 and determine by measurement the Norton equivalent for the circuit between 
terminal A and ground. 


40. Open file PO8-40 and determine the fault, if any. 


41. Open file PO8-41 and determine the value of a load resistor to be connected between terminals 
A and B to achieve maximum power transfer. 


Ce 


SECTION REVIEWS 


SECTION 8-1 The DC Voltage Source 
1. For ideal voltage source, see Figure 8-91. 
2. For practical voltage source, see Figure 8-92. 
3. The internal resistance of an ideal voltage source is zero ohms. 


4. Output voltage of a voltage source varies directly with load resistance. 


nel = 
a= 


« FIGURE 8-91 A FIGURE 8-92 


SECTION 8-2 The Current Source 
1. For ideal current source, see Figure 8-93. 
2. For practical current source, see Figure 8-94. 
3. An ideal current source has infinite internal resistance. 


4. Load current from a current source varies inversely with load resistance. 


4 FIGURE 8-93 4 FIGURE 8-94 


SECTION 8-3 Source Conversions 
1. Is = Vs/Rs 
20 = ie. 
3. See Figure 8-95. 
4. See Figure 8-96. 
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2.2kO 
+ 
455A 20 <r 
4 FIGURE 8-95 & FIGURE 8-96 


SECTION 8-4 The Superposition Theorem 


1. The superposition theorem states that the total current in any branch of a multiple-source linear 
circuit is equal to the algebraic sum of the currents due to the individual sources acting alone, 
with the other sources replaced by their internal resistances. 


2. The superposition theorem allows each source to be treated independently. 


3. A short simulates the internal resistance of an ideal voltage source; an open simulates the 
internal resistance of an ideal current source. 


4. Ip, = 6.67mA 


5. The net current is in the direction of the larger current. 


SECTION 8-5 Thevenin’s Theorem 
1. A Thevenin equivalent circuit consists of Vry and Rry. 
. See Figure 8-97 for the general form of a Thevenin equivalent circuit. 


. Vy is the open circuit voltage between two terminals in a circuit. 


aw N 


. Ryy is the resistance as viewed from two terminals in a circuit. with all sources replaced by 
their internal resistances. 


5. See Figure 8-98. 


A 
Rt 
a 
= = 258Vv 
= Vr r ‘ 
as B 


4 FIGURE 8-97 4 FIGURE 8-98 


SECTION 8-6 Norton’s Theorem 


1. A Norton equivalent circuit consists of [y and Ry. 

2. See Figure 8-99 for the general form of a Norton equivalent circuit. 

3. Iy is the short circuit current between two terminals in a circuit. 

4. Ry is the resistance as viewed from the two open terminals in a circuit. 
5. See Figure 8-100. 


S15 wA 9.7 kO 


» FIGURE 8-99 4 FIGURE 8-100 
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SECTION 8-7 Maximum Power Transfer Theorem 
1. For a given source voltage, the maximum power transfer theorem states that maximum power 
is transferred from a source to a load when the load resistance is equal to the internal source 


resistance. 
2. Maximum power is delivered to a load when R;, = Rs. 


3; R, = Rs = 500 


SECTION 8-8 _ Delta-to-Wye (A-to-Y) and Wye-to-Delta (Y-to-A) Conversions 
1. For a delta circuit see Figure 8-101. 
2. For a wye circuit, see Figure 8-102. 


Re 
R, Ry 
Ra Rg R; 
» FIGURE 8-101 A FIGURE 8-102 
3. The delta-to-wye conversion equations are 
an RaRc 
Eiht Ra + ite 
ae RpRc 
a BR EP Re © Re 
RAR, 
R; ANB 


~ Ra + Rp + Ro 


4. The wye-to-delta conversion equations are 
= Ry,Ro + RyRz + RoR3 


R 
A Ro 
- R Ro + RiRz + RRs 
B R 
RyRo + RR3z + RoR3 
Re 
R3 


A Circuit Application 


1. 27.8 pA 
2. The total series resistance at SO°C needs to be 47.1 kO. (bridge arms, thermistor, and limiting re- 
sistor). The series resistor needs to be reduced to 26.2 kO.(47.1kQ — (16.5kO + 4.38 kQ)) 


RELATED PROBLEMS FOR EXAMPLES 
8-1 995V 

8-2 100V 

83 3.33k0 

84 1.2A;100 

8-5 300V: 6000 

8-6 16.6mA 

8-7 Js is not affected. 
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8-8 7mA 

8-9 SmA 

8-10 2.36 V; 12400 

8-11 1.17mA 

8-12 0.7 V; Vour is 17.7 greater than Vjy at the base (B). 
8-13 25.4mA 

8-14 1310, 

8-15 Ry = 2480 

8-16 6.93 V 

8-17 41.7 mW 

8-18 R, = 7920, Rp = 3600, R3 = 4400 
8-19 Ry = 7120, Rg = 2.35k0, Re = 5000 
8-20 0.3 pA 


SELF-TEST 
1. (b) 2. (c) 3. (a) 4. (b) 5. (d) 6. (c) 7. (b) 8. (d) 
9. (d) 10. (b) 


CIRCUIT DYNAMICS QUIZ 
1. (a) 2. (b) 3. (b) 4. (a) 5. (b) 6. (a) 7. (a) 8. (a) 
9. (b) 10. (a) Ii. (a) 12. (a) 13. (a) 14. (a) 
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IITLINE 


Simultaneous Equations in Circuit Analysis 
Branch Current Method 

Loop Current Method 

Node Voltage Method 

A Circuit Application 


Discuss three methods to solve simultaneous equations 
Use the branch current method to find unknown quantities 
in a circuit 

Use loop analysis to find unknown quantities in a circuit 
Use node analysis to find unk®saw® quanti ies in a circuit 


Simultaneous equations 
Matrix 

Determinant 

Loop 

Node 

Branch 


In the application, you will analyze a model of an amplifier 
using the methods covered in this chapter. 


Se oe 


BRANCH, Loop, 


NALYSES 


- 


Study aids for this chapter are available at 
http:/, www.prenhall.com/floyd 


In the last chapter, you learned about the superposition theo- 
rem, Thevenin’s theorem, Norton’s theorem, maximum power 
transfer theorem, and several types of conversion methods. 
These theorems and conversion methods are useful in solving 
some types of circuit problems for both dc and ac. 
In this chapter, three more circuit analysis methods are 
introduced. These methods, based on Ohm’s law and 


Kirchhoff’s laws, are particularly useful in the analysis of >. 
multiple-loop circuits having two or more voltage or current . = 
sources. The methods presented here can be used alone or in »' 


conjunction with the techniques covered in the previous 
chapters. With experience, you will learn which method is 
best for a particular problem or you may develop a prefer- e 
ence for one of them. : 

In the branch current method, you will apply Kirchhoff’s 
laws to solve for current in various branches of a multiple- 
loop circuit. A loop is a complete current path within a cir- 
cuit. In the loop current method, you will solve for loop 
currents rather than branch currents. In the node voltage 
method, you will find the voltages at the independent nodes 
in a circuit. As you know, a node is the junction of two or 
more components. 


' 
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9—1 SIMULTANEOUS EQUATIONS IN CIRCUIT ANALYSIS 


The circuit analysis methods covered in this chapter allow you to find two or more 
unknown currents or voltages by solving simultaneous equations. These analysis meth- 
ods, which include branch current, loop current, and node voltage methods, result in a 
number of equations equal to the number of unknowns. Coverage is limited to equa- 
tions with two unknowns (2nd order) and equations with three unknowns (3rd order). 
These equations can then be solved simultaneously for the unknown quantities using 
one of the methods covered in this section. 


After completing this section, you should be able to 


+ Discuss three methods to solve simultaneous equations 


pa aay 


Simultaneous equations consist of a set of n equations containing n unknowns, where 
nis a number with a value of 2 or more. The number of equations in the set must equal the 
number of unknowns. For example, to solve for two unknown variables, you must have two 
equations; to solve for three unknowns you must have three equations, and so on. 


Second-Order Standard Form Equations 


An equation with two variables is called a second-order equation. Yn circuit analysis, the 
variables can represent unknowns such as current or voltage. In order to solve for variables 
x, and x, there must be a set of two equations containing those variables expressed in stan- 
dard form. 

In standard form, the x; variables are in the first position in each equation, and the x2 
variables are in the second position in each equation. The variables with their coefficients 
are on the left side of the equation, and the constants are on the right side. 

The set of two simultaneous second-order equations written in standard form is 


ayyxy + ay2x2 = by 

a2,1%1 + a79%) = by 
In these simultaneous equations, the “a” is the coefficient of the variables x, and x2 and can 
represent values of circuit components. Notice that the subscripts of the coefficients con- 
tain two numbers. For example, a; ; appears in the first equation as the coefficient of x; and 
a,1 appears in the second equation as the coefficient of x;. The “b” is the constant and can 


represent a voltage source. This notation will be useful when you use a calculator to solve 
the equations. 


uations describe a particular circuit with two unknown 


oefficients are resistance values and the constants are voltages 


2h = 8 — 5h 
4-5, +6=0 
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A third-order equation contains three variables and a constant term. Just as in second- 
order equations, each variable has a coefficient. In order to solve for the variables x,, x», 
and x3, there must be a set of three simultaneous equations containing those variables. The 
general form for three simultaneous third-order equations written in standard form is 

ay + ay2x2 + a1,3%3 = by 
2.1%] + a72%)2 + a7,3x%3 = by 
43.1%) + a3,2X) + a3,3x%3 = by 


describe a particular circuit with three unknown 
are resistance values and the constants are 
ite the equatiows in standard form. 
4b, + 2b + 7 =0 
+ 6h + 93 -7=0 
8 = 14 + 244+ 5h 
them in standard form as follows: 
+ 21> te 4, =0 
+ 6h + OR =7 
Why SP 215 oe SIE 8 
ard form: 
1 + 15 = 21V> + SOV3 
Py 25V, + 18V, 
25V2 + 18V, = 9 


Solutions of Simultaneous Equations 


Three ways for solving simultaneous equations are algebraic substitution the determinant 
method, and using a calculator. 


Solving by Substitution You can solve two or three simultaneous equations in standard 
form using algebraic substitution by first solving one of the variables in terms of the others. 


SIMULTANEOUS EQUATIONS IN Circuit ANALYsIS @ 337 


However, because the process can become quite lengthy, we will restrict this method to 
second-order equations. Consider the following set of simultaneous equations: 


2x, +64 =8 (Eq. 1) 
3x; + 6x2 =2 (Eq. 2) 
Step 1. Solve for x; in terms of x2 in Eq. |. 
2x, = 8 — 6x 
xy = 4-— 3x 
Step 2. Substitute the result for x, into Eq. 2 and solve for x. 
3x, + 60%) =2 
3(4 — 3x9) + 6x2 = 2 
12 — 9x5 + 6x) = 2 
—3x, = —10 
= = = 3.33 
Step 3. Substitute the value for x into the equation for x, in Step 1. 


x1 = 4 — 3x) = 4 — 3.33) = 4 — 9.99 = —5.99 


Solving by Determinants The determinant method is a part of matrix algebra and pro- 
vides a “cookbook” approach for solving simultaneous equations with two or three vari- 
ables. A matrix is an array of numbers, and a determinant is effectively the solution to a 
matrix, resulting in a specific value. Second-order determinants are used for two variables 
and third-order determinants are used for three variables. The equations must be in stan- 
dard form for a solution. 

To illustrate the determinant method for second-order equations, let’s find the values of 
J, and J, in the following two equations expressed in standard form: 


101, + 5b = 15 
21, + 4h = 8 


lI 


First, form the characteristic determinant from the matrix of the coefficients of the un- 
known currents. The first column in the determinant consists of the coefficients of 7,, and 
the second column consists of the coefficients of I>. The resulting determinant is 


Ist column \ J 2nd column 
| 10 ] 
2 4 
An evaluation of this characteristic determinant requires three steps. 


Step 1. Multiply the first number in the left column by the second number in the right 


column. 

LO. 5 

x =10x4=40 
[el = 
Step 2, Multiply the second number in the left column by the first number in the right 

column. 

Px = 95 = 10 

- 4 7 


Step 3. Subtract the product in Step 2 from the product in Step 1. 
40 — 10 = 30 
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This difference is the value of the characteristic determinant (30 in this case). 
Next, replace the coefficients of 7; in the first column of the characteristic determinant with 
the constants (fixed numbers) on the right side of the equations to form another determinant: 


Replace coefficients of J; 
with constants from 


I. | right sides of equations. 
8 4 
Evaluate this 7; determinant as follows: 

ie 5 

» |=15x4=60 

| 8 A ; 

ay 

F i = 60 — (8 X 5) = 60 — 40 = 20 


The value of this determinant is 20. 
Now solve for J, by dividing the 7; determinant by the characteristic determinant as 


follows: 
Fe ; 
8 4 20 
ho =7— = = = 0.667 A 
: ie | 30 
2 4 


To find J, form another determinant by substituting the constants on the right side of 
the given equations for the coefficients of J, in the second column of the characteristic 
determinant. 


i Replace coefficients of I 
with constants from 


10 15| tight sides of equations. 
> 
Solve for /, by dividing this determinant by the characteristic determinant previously 
found. 
Ie fl 
2 8 10 X 8)-@ x 15 = 
pa - en en) ee 1.67A 


t of equations for the unknown currents: 
7 21, — 5h = 10 
6f, + 10 = 20 


istic determinant as follows: 


= (2)(10) — (—5)(6) = 20 — (—30) = 20 + 30 = 50 


_ = (10)0) — (—5)(20) _ 100 — (—100) _ 200 
50 50 ~ 50 


=4A 
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Be Fi — 20) — (6)(10) & 40 — 60 _ 


-04A 
50 50 


lowing set of equations for J;: 
3), + 3h =4 
1, + 2h = -6 


Third-order determinants can be evaluated by the expansion method. We will illustrate 
this method by finding the unknown current values in the following three equations ex- 
pressed in standard form: 


1, + 3b -— 24 =7 

Ol, + 4h + 1h = 8 

—-SI, + 1h + 64 =9 
The characteristic determinant for the matrix of coefficients for this set of equations is 
formed in a similar way to that used earlier for the second-order determinant. The first col- 


umn consists of the coefficients of I,, the second column consists of the coefficients of 15, 
and the third column consists of the coefficients of /3, as shown below. 


Coefficients Coefficients Coefficients 
off a of \ ie of I; 
1 By 9 
0 4 ] 
— eel 6 


This third-order determinant is evaluated by the expansion method as follows: 
Step 1. Rewrite the first two columns immediately to the right of the determinant. 


1 3 —2\is 
0 4 1} 0 4 
Su ll 6 |e 


Step 2. Identify the three downward diagonal groups of three coefficients each. 


1 7) a 3 
0 4 1) 4 
=5 1 Ole, 1 


Step 3. Multiply the numbers in each diagonal and add the products. 


1 | 3 
0 4 1; 0 4 
=5 1 | 1 


(1)(4)(6) + GUS) + (—2)0)C) = 24 + (-15) + 0=9 
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Step 4. Repeat Steps 2 and 3 for the three upward diagonal groups of three coefficients. 

2 \ al 

4 1] 0 

= 1 6|-5 

(-5)(4)(-2) + (Gd) + (6)(0)3) = 40 + 1+ 0 = 41 
Step 5. Subtract the result in Step 4 from the result in Step 3 to get the value of the 
characteristic determinant. 
9 — 41 = —32 


Next, form another determinant by substituting the constants on the right of the equa- 
tions for the coefficients of /, in the characteristic determinant. 


wae 3 -2 
8 4 1 
1 6 


Evaluate this determinant using the method described in the previous steps. 


ee << 
oes 


= [DAE + BADE + (—2)@MI — (4-2) + MDM) + (6)(8)3)] 
= (168 + 27 — 16) — (-72 + 7 + 144) = 179 — 79 = 100 


Solve for /,; by dividing this determinant by the characteristic determinant. The negative 
result indicates that the actual current is in a direction opposite to the original assumption. 


7 3 = 
1 
9 1 61 i400 
h= = —— = -3,125A 
4 i 8 <3 y 3 
Oo 4 4 
=5 f «6 


lowing set of equations: 
hy oe OY br se Wey 0) 

0.751, + Of, + 21, = 1.5 
3I, + 0.2) + 08 = —-1 


nant as follows: 


).75)(0.2)] — [(3)(0)(1) + (0.2)(2)(2) + (0)(0.75)(0.5)] 
Silom 0:8i— 2:35 
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1 = 1(3)0.5)) + (—D2)(2) + (0)0.75)(0)] 


] = -0.75 — 0.5 = -1.25 


—0.532A = —532mA 


“AD 


s used in this example. 


Solving by Calculator Calculators generally employ matrix algorithms for simultaneous 
equation solution and make the results much easier to obtain. As with the two “manual” meth- 
ods, it is important to first get the equations into the standard form before entering data on a cal- 
culator. Calculators that offer simultaneous equation solutions generally employ the notation 
discussed earlier in relation to the general form of equations. Variables are labeled as x1, x», etc, 
coefficients are designated as a, 1, a1 2, 42,1, 22,2, etc., and constants are designated as by, bo, etc. 

A typical sequence for entering the data for a specific set of equations into a calculator 
is illustrated in a generic way for three simultaneous equations in Figure 9-1. 


RR Ae > 3. ee ee ee. ee _ FIGURE 9-1 
7V,+2V2+4V3;=10 mm | a1,1=7 €1,2=2 €a1,3=4 bi=10 
-5V,+6V,+9V3;= 7 mm | a2,1=-5 a2,2-6 a2,3=9 h2= 
1V,+2V,-6V3;= 8 mm> | 83,1=1 a3,2=2 43,3=-6 b3=8 


mem |= = V1=0.926 V2=-2.47 V3=-0.355 


We have selected the TI-86 and the TI-89 calculators to illustrate the procedure in the fol- 
lowing two examples, although other scientific calculators can be used. If your calculator 
has simultaneous equation capability, consult the user’s manual for the correct procedure. 
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Solution Press the 2nd key, then SIMULT to enter the number of equations as shown in Figure 9-2. 


SIMULT 
Number=3 


FIGURE 9-2 


After you enter 3 and press ENTER, the first equation screen comes up. Enter 
the coefficients 8, 4, 1 and the constant 7 by pressing each number key followed by the 
ENTER key, which results in the screen shown in Figure 9—3(a). After you enter the 
last number and press ENTER, the second equation screen appears. Enter the coeffi- 
cients 2, —5, 6 and the constant 3 as shown in Figure 9—3(b) (A negative value is en- 
tered by first pressing the (—) key.). Finally, enter the coefficients of the third equation 
(3, 3, —2) and the constant —5 as shown in Figure 9—3(c). 


a1,1X1...a1,3X3=b1 a2,1X1...a2,3x3=b2 
at, 1=8 : a2,1=2 


a3, 1X1. ..a3,3X3=b3 
a3, 1=3 


a1, 254 jf, 22,2=-5 } ¢ 83,253 
a1,3=1 , a2 ,3=6 * 43,3=-2 
b1=7 b2=3 ec 
‘| PREV | NEXT | CLRq SOLVE Jerev] NEXT [ cira [souve], PREV] NEXT | CLRq 
(a) (b) (c) 
FIGURE 9-3 


Selecting SOLVE, which is the F5 key, produces the results displayed in Figure 9-4, 
XI is 1), X2 is Jy, and X3 is i. 


FIGURE 9-~4 


> X1=-3.73333333333 
X2=7 . 26666666667 


2c: gasssaassaSSCS 


X3=7.8 


ener] sre [sr [rox] 


Related Problem Edit the equations to change al,2 from 4 to —3, a2,3 from 6 to 2.5, and b3 from —5 to 
8 and solve the modified equations. 


EXAMPLE 9-6 Use the TI-89 Titanium calculator to solve the same three simultaneous equations that 


were given in Example 9-5. 


8h, + 4 + 1 = ii 
2h = 6 + 64, = 3 
31, + 3h — 2h, = =) 
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Solution From the Home screen select the simultaneous equation icon 


Alb 


Simultaneo... 


Press ENTER. Select 3:New, then press ENTER again. Next specify the number of 
equations and the number of unknowns and press ENTER. On the simultaneous equa- 
tion screen enter the coefficients and the constants as shown in Figure 9—5(a). Press 


ENTER after each number. 
——~? 
a1,1X1+a1,2x2+a1,3x3=b1 
P25 - NPE. Ss Ie 
Solution 
X1=-56/15 


X2=109/15 
X3=39/5 


= 


(a) (b) 


FIGURE 9-5 


After you have entered the coefficients and constants, press the F5 key to solve. As 
indicated by the screen in part (b), the results are returned as fractions. They agree 
with the TI-86 results, which were retummed as decimal numbers. 


Related Problem Repeat the Related Problem from Example 9-5 using the TI-89. 


erminants: 


| 0.25 | (| 1 Bo 7 
1-05 1 


-4 0 -2 


tic determinant for the following set of simultaneous equations: 
21, + 3h =0 
5, + 4, =1 


e the following set of simultaneous equations for {;, hy, 13, 


100/, + 220!) + 18013 + 330/, = 0 
ATOL, + 390!, + 100/3 + 100f, = 12 
1201, — 2701, + 1501; — 1801, = —9 
S60!, + 680l, — 2201; + 390/, — 0 
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| 4 by changing the constant in the first equation to 
ond equation to 220, and the coefficient of f, in the 
w set of equations for the currents. 


9—2 BRANCH CURRENT METHOD 


The branch current method is a circuit analysis method using Kirchhoff’s voltage and 
current laws to find the current in each branch of a circuit by generating simultaneous 
equations. Once you know the branch currents, you can determine voltages. 


After completing this section, you should be able to 


* Use the branch current method to find unknown quantities in a circuit 


Figure 9-6 shows a circuit that will be used as the basic model throughout the chapter 
to illustrate each of the three circuit analysis methods. In this circuit, there are only two 
nonredundant closed loops. A loop is a complete current path within a circuit, and you can 
view a set of nonredundant closed loops as a set of “windowpanes,” where each window- 
pane represents one nonredundant loop. Also, there are four nodes as indicated by the 
letters A, B, C, and D. A node is a point where two or more components are connected. A 
branch is a path that connects two nodes, and there are three branches in this circuit: one 
containing R), one containing R2, and one containing R3. 


h» FIGURE 9-6 Node A 


Circuit showing loops, nodes, and 
branches. 


Node B 


The following are the general steps used in applying the branch current method. 


Step 1. Assign a current in each circuit branch in an arbitrary direction. 


Step 2. Show the polarities of the resistor voltages according to the assigned branch 
current directions. 


Step 3. Apply Kirchhoff’s voltage law around each closed loop (algebraic sum of volt- 
ages is equal to zero). 


Step 4. Apply Kirchhoff’s current law at the minimum number of nodes so that all 
branch currents are included (algebraic sum of currents at a node equals zero). 


Step 5. Solve the equations resulting from Steps 3 and 4 for the branch current values. 


BraANCH Current METHOD 


<4 FIGURE 9-7 


Circuit for demonstrating branch 
current analysis. 


These steps are demonstrated with the aid of Figure 9—7. First, the branch currents /,, 1, 
and J; are assigned in the direction shown. Don’t worry about the actual current directions 
at this point. Second, the polarities of the voltage drops across R,, Rz, and R3 are indicated 
in the figure according to the assigned current directions. Third, Kirchhoff’s voltage law 
applied to the two loops gives the following equations where the resistance values are the 
coefficients for the unknown currents: 


Equation 1: Ry, + Rolz — Vs; = 0 for loop 1 
Equation 2: R2lz + R3lz — Vso = 0 for loop 2 
Fourth, Kirchhoff’s current law is applied to node A, including all branch currents as follows: 


Equation 3: -bht+he= 0 


The negative sign indicates that Jy is out of the node. Fifth and last, the three equations must 
be solved for the three unknown currents, /,, 4, and 4,. Example 9-7 shows how to solve 
equations by the substitution method. 


0p gives 


ee 


not shown. 


resistor voltage drops in accordance with the 
ons as shown in the figure. 


oltage law around the left loop gives 
4701, + 2201, — 10 = 0 


220 + 820, — 5 =0 


values are in ohms and voltage values are in volts For 


e 


hown in Figure 9-8. Keep in mind that you can 
m at this point and that the final solution will have 
ctual current is opposite to the assigned current. 
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Step 4: At node A, the current equation is 
ib = 0 
Step 5: The equations are solved by substitution as follows. First, find /, in terms of 
Ty and J. 
L=h-b 
Now, substitute J, — J; for J, in the left loop equation. 
470Uy — 13) + 220I, = 10 
470Iy — 47013 + 220I, = 10 
690, — 4701, = 10 


Next, take the right loop equation and solve for J in terms of J. 
220h = 5 — 82013 
_ 5 7 8204 
Ba ¥220 
Substituting this expression for Jy into 8202, — 4704, = 10 yields 


oo) — 4701, = 10 

220 - 

3450 ~ 5658005 sayy, 19 
220 

15.68 — 2571.81; — 4701 = 10 


—3041.8/, = —5.68 


5.68 
= = 0. = 1.87 
ve} 3041.8 0.00187 A = 1.87mA 


Now, substitute the value of /; in amps into the right loop equation. 


2201p + 820(0.00187) = 5 


Solve for Jo. 
_ 5 — 820(0.00187) _ 3.47 _ = 
h= 720 = 0.0158 = 15.8mA 


Substituting J and J; values into the current equation at node A yields 


I, — 0.0158 + 0.00187 = 0 
I, = 0.0158 — 0.00187 = 0.0139 A = 13.9mA 


Related Problem Determine the branch currents in Figure 9-8 with the polarity of the 5 V source reversed. 


=" Use Multisim file E09-07 to verify the calculated results in this example and to 
* confirm your calculations for the related problem. 


ic circuit Jaws are used in the branch current method? 
gning branch currents, you should be careful that the assigned directions 
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9-3 Loop CuRRENT METHOD 


In the loop current method (also known as the mesh current method), you will work 
with loop currents instead of branch currents. An ammeter placed in a given branch 
will measure the branch current. Unlike branch currents, loop currents are mathemati- 
cal quantities, rather than actual physical currents, that are used to make circuit analy- 
sis somewhat easier than with the branch current method. 


After completing this section, you should be able to 
¢ Use loop analysis to find unknown quantities in a circuit 


¢ Assign loop currents 


eal SPP Taga 
Ku Vo 


A systematic method of loop analysis is given in the following steps and is illustrated in 
Figure 9-9, which is the same circuit configuration used in the branch current analysis. It 
demonstrates the basic principles well. 


Step 1. Although direction of an assigned loop current is arbitrary, we will assign a 
current in the clockwise (CW) direction around each nonredundant closed 
loop, for consistency. This may not be the actual current direction, but it does 
not matter. The number of loop-current assignments must be sufficient to in- 
clude current through all components in the circuit. 


Step 2. Indicate the voltage drop polarities in each loop based on the assigned current 
directions. 

Step 3. Apply Kirchhoff’s voltage law around each closed loop. When more than one 
loop current passes through a component, include its voltage drop. This results 
in one equation for each loop. 

Step 4. Using substitution or determinants, solve the resulting equations for the loop 
currents. 


» FIGURE 9-9 


First, the loop currents /, and Jg are assigned in the CW direction as shown in Figure 
9-9. A loop current could be assigned around the outer perimeter of the circuit, but this 
would be redundant since I, and Jg already pass through all of the components. 

Second, the polarities of the voltage drops across R;, Rz, and R3 are shown based on 
the loop-current directions. Notice that /, and /g are in opposite directions through R> 
because R2 is common to both loops. Therefore, two voltage polarities are indicated. In 
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EXAMPLE 9-8 


Solution 


reality, the R> current cannot be separated into two parts, but remember that the loop cur- 
rents are basically mathematical quantities used for analysis purposes. The polarities of the 
voltage sources are fixed and are not affected by the current assignments. 

Third, Kirchhoff’s voltage law applied to the two loops results in the following two 
equations: 


Rul, + RoI, — fg) = Vs, ~—s for loop A 
R3lg + Ro7p — Ix) = —Vs2 _ for loop B 


Notice that J, is positive in loop A and /g is positive in loop B. 

Fourth, the like terms in the equations are combined and rearranged into standard form 
for convenient solution so that they have the same position in each equation, that is, the Z, 
term is first and the /g term is second. The equations are rearranged into the following 
form. Once the loop currents are evaluated, all of the branch currents can be determined. 


(R; + Rola — Rolp = Vs for loop A 
—Roly + (R2 + R3)lg = —Vs2 for loop B 


Notice that in the loop current method only two equations are required for the same 
circuit that required three equations in the branch current method. The last two equations 
(developed in the fourth step) follow a form to make loop analysis easier. Referring to these 
last two equations, notice that for loop A, the total resistance in the loop, Ry + Ro, is mul- 
tiplied by J, (its loop current). Also in the loop A equation, the resistance common to both 
loops, R2, is multiplied by the other loop current, Jy, and subtracted from the first term. The 
same form is seen in the loop B equation except that the terms have been rearranged. From 
these observations, a concise rule for applying steps | to 4 is as follows: 


(Sum of resistors in loop) times (loop current) minus (each resistor common to both 
loops) times (associated adjacent loop current) equals (source voltage in the loop). 


Example 9-8 illustrates the application of this rule to the loop current analysis of a circuit. 


Using the loop current method, find the branch currents in Figure 9-10. 


~ FIGURE 9-10 


Assign the loop currents (J, and Jp) as shown in Figure 9-10; resistance values are in 
ohms and voltage values are in volts. Use the rule described to set up the two loop 
equations. 


(470 + 220), — 220/, = 10 
6901, — 2207, = 10 for loop A 


~220I, + (220 + 820g = 
~220I, + 1040Ig 


Lie 
Lod 
nn 


for loop B 
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Use de erminants to find J,. 


i cea 
P —5 1040 (10)(1040) — (—5)(—220) 104000 — 1100 _ 102900 _ caren 
= | 690 —220!  (690)(1040) — (—220)(-220) 717600 — 48400 669200 
—220 1040 
Solving for Jp yields 
| 690 10 
_ 1-220 ~5| — (690-5) — (—220)(10) _ —3450 — (—2200) ere 
See. 669200 669200 sania 


The negative sign on /g means that its assigned direction is opposite to the actual 
current. 

Now find the actual branch currents. Since [, is the only current through R;, it is 
also the branch current J). 


1, =I, = 13.9mA 
Since Jp is the only current through R3, it is also the branch current /3. 
i, = Ip = —1.87mA 
The negative sign indicates opposite direction of that originally assigned to Jp. 
As originally assigned, both loop currents 7, and Jp are through R> in opposite 
directions. The branch current J) is the difference between J, and Jp. 
Ih = In — Tp = 13.9mA — (—1.87 mA) = 15.8 mA 


Keep in mind that once you know the branch currents, you can find the voltages by 
using Ohm’s law. Notice that these results are the same as in Example 9—7 where the 
branch current method was used. 


Related Problem Solve for the two loop currents using your calculator. 


oe Use Multisim file E09-08 to verify the calculated results in this example and to verify 
= your calculations for the related problem. 


Circuits with More Than Two Loops 


The loop current method can be systematically applied to circuits with any number of 
loops. Of course, the more loops there are, the more difficult is the solution, but calculators 
have greatly simplified solving simultaneous equations. Most circuits that you will en- 
counter will not have more than three loops. Keep in mind that the loop currents are not the 
actual physical currents but are mathematical quantities assigned for analysis purposes. 

A widely used circuit that you have already encountered is the Wheatstone bridge. The 
Wheatstone bridge was originally designed as a stand-alone measuring instrument but has 
largely been replaced with other instruments. However, the Wheatstone bridge circuit is in- 
corporated in automated measuring instruments, and as explained previously, is widely 
used in the scale industry and in other measurement applications. 

One method for solving the bridge parameters, which directly leads to finding the cur- 
rent in each arm of the bridge and the load current, is to write loop equations for the bridge. 
Figure 9-11 shows a Wheatstone bridge with three loops. Example 9-9 illustrates how to 
solve for all of the currents in the bridge. 
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FIGURE 9-11 
Wheatstone bridge with three loops. 


EXAMPLE 9-9 For the circuit in Figure 9-12, find the loop currents. Use the loop currents to solve for 
the current in each resistor (branch current). 


FIGURE 9-12 


Solution Assign three clockwise loop currents (J, /g, and [¢) as shown in Figure 9-12. Then 
write the loop equations. The equations for the loops are 
Loop A: —12 + 330, — Ip) + 330, — Ic) = 0 
Loop B: 330g — I,) + 360%, + 1000UR — Ic) = 0 
Loop C: 300Uc¢ — I4) + 1000 — Ip) + 390I¢ = 0 
Rearrange the equations into standard form: 


Loop A: 630/, — 330fg — 300I¢ 12V 
Loop B: —330f, + 1690fg — 1000Ic = 0 
Loop c: —300I, = 1000/, cls 1690Ic =0 


You can solve these equations with substitution, but this is tedious with three un- 
knowns. The determinant method or directly solving with your calculator are simpler 
ways. Units are not shown until the end of the problem. 

Evaluating the characteristic determinant using the expansion method, 


CSUR SSO 500 630) —330 
=u) 1690 —1000}—330 1690 
—300 —1000 1690}—300  -—1000 
= [(630)(1690)(1690) + (—330)(—1000)(—300) + (—300)(—330)(— 1000)] 


—[(—300)(1690)(—300) + (—1000)(— 1000)(630) + (1690)(—330)(—330)] 
= 635202000 


Loop CurrENt METHOD ® 


Solving for I,: 


z 550 e500 
0 1690 —1000 


0 1000 1690} — (12)(1690)(1690) — (12)(—1000)(— 1000) 


635202000 635202000 
Solving for Jp: 
630 12 —300 
—330 0 1000 
300, 0 1690] — (12(—1000)(—300) — (—330)(12)(1690) 
635202000 - 635202000 
Solving for Ic: 


630 Ne 530) 12 
50) 1690 O 


—300 —1000 0} —_ (12)(—330)(—1000) — (—300)(1690)(12) 
635202000 - 635202000 


The current in R; is the difference between I, and Ip: 


= 0.0351 A = 35.1mA 


0.0162 A = 16.2mA 


= 0.0158 A = 15.8mA 


I, = (UI, — Ip) = 35.1mA — 16.2mA = 18.9mA 


The current in R, is the difference between I, and Ic: 


b = (In — Ic) = 35.1mA — 15.8mA = 19.3mA 


The current in R3 is Ip: 

I, = Ip = 16.2mA 
The current in Rq is Ic: 

I, = Ic = 158mA 


The current in R, is the difference between J, and Ic: 


I, = (Ig — Ic) = 16.2mA — 15.8mA = 0.4mA 


Related Problem Use a calculator to verify the loop currents in this example. 


Use Multisim file E09-09 to verify the calculated results in this example and to con- 


a) firm your calculations for the related problem 


Another useful three-loop circuit is the bridged-T circuit. While the circuit is primarily 
applied in ac filter circuits using reactive components, it is introduced here to illustrate the 
three-loop circuit solution. A loaded resistive bridged-T is shown in Figure 9-13. 

Resistors will often be in kQ (or even MQ) so the coefficients for simultaneous equa- 
tions will become quite large if they are shown explicitly in solving equations. To simplify 
entering and solving equations with kQ, it is common practice to drop the kO. in the equa- 
tions and recognize that the unit for current is the mA if the voltage is volts. The following 
example of a bridged-T circuit illustrates this idea. 
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FIGURE 9-13 


EXAMPLE 9-10 Figure 9-14 shows a bridged-T circuit with three loops. Set up the standard form 
equations for the loop currents. Solve the equations with a calculator and find the 
current in each resistor. 


FIGURE 9-14 


Solution Assign three clockwise loop currents(/,, /g, and Jc) as shown in Figure 9-14. Write 
the loop equations, but drop the k prefix from the resistances. Current will be in mA. 
Loop A: 221, = Tp) a 1ST, ap Tein = Ic) =0 
Loop B: ~—12 + 227g — I,) + 8.23 — Ic) = 0 
LoopC: 8.2U¢ — Ig) + 7.5Uc — In) + 10/c = 0 
Rearrange the equations into standard form: 
Loop A: 44.5], =: 22Ip ce 7.5Ic =0 
Loop B: =D aa 30.2I, a 8.2I¢ 12 
LoopC: —7.5I, — 8.2fg + 25.7[c = 0 


Calculator Solution: A calculator solution requires entry of the number of equations 
(3), the coefficients, and the constants. The calculator SOLVE function produces the 
results as shown in Figure 9-15. Because the resistors were ink), the unit for the 
loop currents is mA. Solve for the current in each resistor. The current in Ry = [,. 


1, = 0.512mA 
FIGURE 9-15 


A ee ee 


44.5 =ae — Mas 0 


-22 30.2 -8.2 12 ——— fsove| ro 


Th a3) -8.2 2o.7 0 


X1=ITA=0.512 | 


X2=1B=0.887 
x3=1C=0.432 
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difference between J, and Jp. 
', — Jp) = 0.512 mA — 0.887 mA = —0.375mA 


qT, = 0.432 mA 


ch resistor. 


to verify the calculated results in this example and to con- 
‘the related problem. 


rily represent the actual currents in the branches? 
t using the loop method and get a negative value, what 


the loop current method? 


9-4 Nope VOLTAGE METHOD 


Another method of analysis of multiple-loop circuits is called the node voltage 
method. It is based on finding the voltages at each node in the circuit using Kirch- 
hoff’s current law. Recall that a node is the junction of two or more components. 


After completing this section, you should be able to 


« Use node analysis to find unknown quantities in a circuit 


The general steps for the node voltage method of circuit analysis are as follows: 


Step 1. Determine the number of nodes. 

Step 2. Select one node as a reference. All voltages will be relative to the reference 
node. Assign voltage designations to each node where the voltage is unknown. 

Step 3. Assign currents at each node where the voltage is unknown, except at the ref- 
erence node. The directions are arbitrary. 

Step 4. Apply Kirchhoff’s current law to each node where currents are assigned. 

Step 5. Express the current equations in terms of voltages, and solve the equations for 
the unknown node voltages using Ohm’s law. 
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» FIGURE 9-16 
Circuit for node voltage analysis. 


Node B 


We will use Figure 9-16 to illustrate the general approach to node voltage analysis. 
First, establish the nodes. In this case, there are four nodes, as indicated in the figure. Sec- 
ond, let’s use node B as the reference. Think of it as the circuit’s reference ground. Node 
voltages C and D are already known to be the source voltages. The voltage at node A is the 
only unknown; it is designated as V4. Third, arbitrarily assign the branch currents at node 
A as indicated in the figure. Fourth, the Kirchhoff current equation at node A is 


T-h+h=0 


Fifth, express the currents in terms of circuit voltages using Ohm’s law. 


2 Vi Ver — “a 
a ae 
1 1 
= We Ma 
TR 
a 
Fi 4% *s—M% 
> Rs R3 


Substituting these terms into the current equation yields 
Mais Va _ Va Vere Va 


0 
Ri Ry R3 


The only unknown is V4; so solve the single equation by combining and rearranging 
terms. Once you know the voltage, you can calculate all branch currents. Example 9—11 
illustrates this method further. 


re 9-17 and determine the branch currents. 
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Solution The reference node is chosen at B. The unknown node voltage is V4, as indicated in 
Figure 9-17. This is the only unknown voltage. Branch currents are assigned at node 
A as shown. The current equation is 
I ‘a lh a L =0 
Substitution for currents using Ohm’s law gives the equation in terms of voltages 
LOS Via ee = YA _ 
470 220 820 


0 


Rearranging the terms yields 


470 220 820 470 820 
To solve for V,, combine the terms on each side of the equation and find the common 
denominator. 
1804V, + 3854V, + 1034V, 820 + 235 


847880 38540 
6692V, 1055 
847880 38540 

_ (1055)(847880) 

A (6692)(38540) 


You can now determine the branch currents 


an 10V — 3.47V 
470 0 

_ 3A47V 

= 9900 


fe Vie 3:47. V 
820 0 
These results agree with those for the same circuit in Example 9—7 and in Example 
9-8 using the branch and Joop current methods. 


= 3.47V 


= 13.9mA 


= 15.8mA 


= 187mA 


Related Problem Find V, in Figure 9-17 if the 5 V source is reversed. 


Use Multisim file EO9-11 to verify the calculated results in this example and to con- 
) firm your calculation for the related problem. 


Example 9-11 illustrated an obvious advantage to the node method. The branch current 
method required three equations for the three unknown currents. The loop current method 
reduced the number of simultaneous equations but required the extra step of converting the 
fictitious loop currents to the actual currents in the resistors. The node method for the cir- 
cuit in Figure 9-17 reduced the equations to one, in which all of the currents were written 
in terms of one unknown node voltage. The node voltage method also has the advantage of 
finding unknown voltages, which are easier to directly measure than current. 


Node Voltage Method for a Wheatstone Bridge 


The node voltage method can be applied to a Wheatstone bridge. The Wheatstone bridge is 
shown with nodes identified in Figure 9-18 with currents shown. Node D is usually 
selected as the reference node, and node A has the same potential as the source voltage. 
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>» FIGURE 9-18 


Wheatstone bridge with node 
assignments. 


When setting up the equations for the two unknown node voltages (B and C), it is neces- 
sary to specify a current direction as described in the general steps. The direction of current 
in R; is dependent on the bridge resistances; if the assigned direction is incorrect. it will 
show up as a negative current in the solution. 

Kirchhoff’s current law is then written for each of the unknown nodes. Each current is 
then expressed in terms of node voltages using Ohm’s law as follows: 


Node B: 
qT, ote I = bh 
Va> We Ve = Va Ve 
Ri Ry R2 
Node C: 
L = I, ala I, 
VA Veo. Ve lay Me 
R3 R, Ry 


The equations are put in standard form and can be solved with any of the methods you have 
learned. The following example illustrates this for the Wheatstone bridge that was solved 
by loop equations in Example 9-9. 


ode voltages at node B and node C. Node D is 
le voltage as the source. Use the results to calcu- 
oare the result to the loop current method in 
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Solution Apply Kirchhoff’s current law at node B and node C in terms of node voltages To keep 
coefficients more manageable, all resistances are shown in kQ,; current will be in mA. 


Node B: 
ee t= 1, 
Wma Vea Vp _ Ve 
Ry Rp Rp 
eee Vem Ve Vn 
0.330k0, 1.0kQ0 0.300 kQ. 
Node C: 
ht i, 
Va=Ve _Ve= Vp , Ve 
R3 R, Ry 
12V—Ve_ Vo—Vp - 


0360kQ 10kQ9 0390k0 


Rearrange the equations for each node into standard form. For convenience, units are 
not shown until the end of the problem. 


Node B: Multiply each term in the expression for node B by R,R2R, and combine like 
terms to get the standard form. 
RoRi(Va — Vp) + RiRoVc — Ve) = RiRLVe 
(1.0)(0.30)(12 — Vg) + (0.33)(0.30)(Ve — Vg) = (0.33)(1.0)Vp 
0.729Vz = 0.099V¢ = 3.6 
Node C: Multiply each term in the expression for node C by R3R4R, and combine like 
terms to get the standard form. 
RaRi(Va — Vo) = R3Ra(Vo — Vp) + R3RiLVc 
(1.0)(0.39)(12 — Ve) = (0.36)(0.39)(Vc — Vg) + (0.36)(1.0)Vc 
0.1404V, — 0.8904V- = —4.68 
You can solve the two simultaneous equations using substitution, determinants, or the 
calculator. Solving by determinants, 
0.729Vp = 0.099V- = 3.6 
0.1404V_z — 0.8904Vc- = —4.68 
eee a 
Ve = —4.68 —0.8904| —_ (3.6)(— 0.8904) — (—0.099)(—4.68) 5.78V 
2 | 0.729 —0.099 (0.729)(—0.8904) — (0.1404)(—0.099) : 
0.1404 —0.8904 


he | 
yp —4.68 _ _(0.729)(—4.68) — (0.1404)3.6)__ gan 
0.729  -—0.099|  (0.729)(—0.8904)—(0.1404)(—0.099) 
ae | 


Related Problem Using Ohm’s law, determine the current in each resistor 


Use Multisim file E09-12 to verify the calculated results in this example and to con- 
firm your calculations for the related problem. 
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Node Voltage Method for the Bridged-T Circuit 


Applying the node voltage method to the bridged-T circuit also results in two equations 
with two unknowns. As in the case of the Wheatstone bridge, there are four nodes as shown 
in Figure 9-20. Node D is the reference and node A is the source voltage, so the two un- 
known voltages are at nodes C and D. The effect of a load resistor on the circuit is usually 
the most important question, so the voltage at node C is the focus. A calculator solution of 
the simultaneous equations is simplified for analyzing the effect of various loads because 
only the equation for node C is affected when the load changes. Example 9-13 illustrates 
this idea. 


» FIGURE 9-20 
The bridged-T circuit with node 
assignments. 


me as in Example 9-10. 
using node analysis and a calculator 


ae 


e when the load resistor is changed to 15 kQ.. 


SSS Se 
— 75k0 8.2kO 


FIGURE 9-22 


Related Problem 


“« 
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Node C: 
Lt+th=h 
Pemerereys Vo _ Vc 
Ri R3 Ry 
PV, -Ve Ve 
15kO 75kQ 10k 


Rearrange the equations for each node into standard form. For convenience, units are 
not shown until the end of the problem. 


Node B: Multiply each term in the equation for node B by R2R3R, to cancel the de- 
nominator. Combine like terms to get the standard form. 
R3Ra(Va — Vp) = RoRg(Ve — Vc) + RoR3Vp 

(7.5)(8.2)(12 — Vg) = (22)(8.2)(V_ — Vo) + (22)(7.5)Vp 

406.9V_z — 180.4Vc¢ = 738 
Node C: Multiply each term in the equation for node C by R,R3R;, and combine like 
terms to get the standard form. 

R3Ri(V_ ~ Vo) + RiRi(Veg — Vo) = Ri R3Vc 
(7.5)(10)(12 — Ve) + (15)(10)(Vg — Ve) = (15)(7.5)Vec 
150Vz — 337.5Vc = —900 


{| 


Calculator Solution: The two equations in standard form are 


406.9V, — 180.4V¢ = 738 
150V_ — 337.5Vc = —900 


Enter the number of equations (2), the coefficients, and the constants into a calculator 
to solve for Vg and V¢ as shown in Figure 9-22. As a check, notice that this voltage 
implies that the load current is 0.432 mA, which is in agreement with the result found 
by the loop current method in Example 9-10. 


X1=VB=3.73 


180.4 738 
~337.5 ~900 


” 406.9 
450 


X2=V0=4.32 


(b) To calculate the load voltage with a 15 k©. load resistor, notice that the equation 
for node B is unaffected. The node C equation is modified as follows: 


eee, Ye Ve ve 
15kO, 75kQ  15kO 
(7.5)5)Q2 — Ve) + (15)05)(Vg — Ve) = 15)7.5)Ve 


225V_ — 450Vc = —1350 


Change the parameters for the node C equation and press solve. The result is 
Ve — Vy, = §.02 V 
For the 15 kQ, load, what is the voltage at node B? 


Use Multisim file E09-13 to verify the calculated results in this example and to con- 
firm your calculation for the related problem. 


360 * 


BRANCH, Loop, AND NODE ANALYSES 


1. What circuit law is the basis for the node voltage method? 
2. What is the reference node? 


Dependent sources were covered in 
Chapter 8 and applied to the modeling 
of transistors and amplifiers. In this 
circuit application, you will see how a 
particular type of amplifier can be 
modeled and analyzed using the methods introduced in this 
chapter. The point is not to learn how amplifiers work because 
that is beyond the scope of this text and will be covered in a later 
course. The focus is on the application of circuit analysis methods 
to circuit models. The amplifier is simply used as an example to 


Operational amplifiers are integrated circuit devices that are 
widely used in analog applications for signal processing. An op- 
erational amplifier symbol is shown in Figure 9-23(a). The 
equivalent dependent source model is shown in part (b). The 
gain (A) of the dependent source can be positive or negative, 
depending on how it is configured. 


» FIGURE 9-23 


Vout 


(a) 


(b) Model 


» FIGURE 9-24 


A Circuit Application 


Assume you need to calculate in detail the effect of an opera- 


tional amplifier circuit on a transducer that serves as an input. 


Some transducers, such as pH meters, appear as a small source 


: voltage with a high series resistance. The transducer that is 
: shown here is modeled as a small Thevenin dc voltage source in 
: series with a Thevenin resistance of 10k. 


Practical amplifiers are created using an operational amplifier 


with external components. Figure 9-24(a) shows one type of 

: amplifier configuration that includes the Thevenin resistance of 
the source along with two other external resistors. Rg represents 
illustrate how you can apply analysis methods to a practical circuit. 


the Thevenin source resistance. R;, is connected from the opera- 


tional amplifier output to ground as a load, and Rx is connected 
from the output to the input as a feedback resistor. Feedback is 

: used in most operational amplifier circuits and is simply a path 
from the output back to the input. It has many advantages as you 
; will learn in a later course. 


Rour 
Vour 
Vin ; Ry AVin 


(b) 
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—— 
1000 kQ 
Transducer Op-amp 
Rs 
AW > lint 0010kO 
& 10kO A R, 
Vee Rw Vv 1.0kO 
10 mV T 300 kO. aN 
O- 
» FIGURE 9-25 
Figure 9—24(b) is the equivalent circuit model of the source, } Next, apply Ohm’s law and let Vy = Vy. The internal source 
the op-amp, and the load that we will use for analysis purposes. ; voltage for the op-amp is AVjy, so this is written as AV, to ex- 
The internal gain of the dependent source, shown with the letter press the unknowns in terms of V4 and Vp. 
A on the op-amp block, is cian: WSS it an wien am- Ve = 'V, Ve Vea 
plifier (the output has the opposite sign of the input). This inter- ; Node A: = ar 
ail : Bae H Rs Rin Rr 
nal gain is generally extemely high. Although it is a very large 
number, the actual gain of the circuit with the external compo- Nowe: AVa — Ve +4 Va — Ve _ Ve 
nents is much lower because it is controlled by the external Rout Re Rr 
components rather than the internal gain. Expressing the equations in standard form, 


The specific values for the circuit in this application are given 
in Figure 9-25 along with assigned currents. All values are shown Wade A: -( I ts alt i x) ws Faz Se (+ \vs 
in kQ, to simplify entering the coefficients in the equations that you _; Rs Rw Re Rp Rg 
will use. Although op-amp circuits have excellent simple approxi- A 1 1 l 1 
mations for determining the output voltage, there are times you Notes: =e o =, Var (2 © Rour +: =| Vee 
may want to know the exact output. You can apply your knowledge : 
from this chapter to the circuit to find the exact output voltage. { @ Substitute the values that were given in Figure 9-25 into the 

The amplifier model in Figure 9-25 can be analyzed easiest with standard form equations. Solve the equations to find Vin and 
the node voltage method because there are only two nodes, A and B, V,- (Resistance can be entered in kQ..) 
that have unknown voltages. At node A, the voltage is designated V, : @ Calculate the input current, Jjy, and the current in the feed- 
and is the same as the input to the op-amp (Vj). At node B, the volt- back resistor, Jp. 
age is designated Vp and also represents the output (or load voltage), 
V,, Current names and directions are assigned as shown. 


i Review 
Analysis 1. Does the output voltage change if the load resistor R, is 
Apply Kirchhoff’s current law at each of the unknown nodes to doubled? 
write the node equations. 2. Does the output voltage change if the feedback resistor Ry- is 
doubled? 


Node A: Js = kp + Tin 
Node B: Jout + Ip = A, i 


SUMMARY 


® Simultaneous equations can be solved by substitution, by determinants, or by a graphics calculator. 
® The number of equations must be equal to the number of unknowns. 

* Second-order determinants are evaluated by adding the signed cross-products. 

® Third-order determinants are evaluated by the expansion method. 


® The branch current method is based on Kirchhoff’s voltage law and Kirchhoff’s current law 
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® The loop current method is based on Kirchhoff’s voltage law. 


® A loop current is not necessarily the actual current in a branch. 
® The node voltage method is based on Kirchhoff’s current law. 


- Key terms and other bold terms in the chapter are defined in the end-of-book glossary. 


Branch One current path that connects two nodes. 


Determinant The solution of a matrix consisting of an array of coefficients and constants for a set 


of simultaneous equations. 


Loop A closed current path in a circuit. 


Matrix An array of numbers. 


Node The junction of two or more components. 


Simultaneous equations A set of n equations containing n unknowns, where n is a number with a 


value of 2 or more. 


if 


Answers are at the end of the chapter. 


Assuming the voltage source values in Figure 9-6 are known, there is/are 

(a) 3 nonredundant loops (b) 1 unknown node (c) 2 nonredundant loops 
(d) 2 unknown nodes (e) both answers (b) and (c) 

In assigning the direction of branch currents, 

(a) the directions are critical (b) they must all be in the same direction 
(c) they must all point into a node (d) the directions are not critical 


. The branch current method uses 


(a) Ohm’s law and Kirchhoff’s voltage law 

(b) Kirchhoff’s voltage and current laws 

(c) the superposition theorem and Kirchhoff’s current law 
(d) Thevenin’s theorem and Kirchhoff’s voltage law 


. A characteristic determinant for two simultaneous equations will have 


(a) 2 rows and | column (b) 1 row and 2 columns 
(c) 2 rows and 2 columns 


The first row of a certain determinant has the numbers 2 and 4 The second row has the 
numbers 6 and 1. The value of this determinant is 


(a) 22 (b) 2 (ce) —22 (d) 8 

The expansion method for evaluating determinants is 

(a) good only for second-order determinants 

(b) good only for both second and third-order determinants 
(c) good for any determinant 


(d) easier than using a calculator 


. The loop current method is based on 


(a) Kirchhoff’s current law (b}) Ohm’s law 

(c) the superposition theorem (d) Kirchhoff’s voltage law 
The node voltage method is based on 

(a) Kirchhoff’s current law (b) Ohm’s law 

(c) the superposition theorem (d) Kirchhoff’s voltage law 


. In the node voltage method, 


(a) currents are assigned at each node 
(b) currents are assigned at the reference node 


(c) the current directions are arbitrary 
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(d) currents are assigned only at the nodes where the voltage is unknown 
(e) both answers (c) and (d) 
10. Generally, the node voltage method results in 
(a) more equations than the loop current method 
(b) fewer equations than the loop current method 


(c) the same number of equations as the loop current method 


CIRCUIT DYNAMICS 
QUIZ Answers are at the end of the chapier. 
Refer to Figure 9-26. 
1. If Ro opens, the current through R3 
(a) increases (b) decreases (c) stays the same 
2. If the 6 V source shorts out, the voltage at point A with respect to ground 
(a) increases (b) decreases (c) stays the same 
3. If Rz becomes disconnected from ground, the voltage at point A with respect to ground 
(a) increases (b) decreases (c) stays the same 
Refer to Figure 9-27. 
4. If the current source fails open, the current through R2 
(a) increases (b) decreases (c) stays the same 
5. If Ro opens, the current through R3 
(a) increases (b) decreases (c) stays the same 
Refer to Figure 9-30. 
6. If R, opens, the magnitude of the voltage between the A and B terminals 
(a) increases (b) decreases (c) stays the same 
7. If R3 is replaced by a 10 O resistor, Vaz 
(a) increases (b) decreases (c) stays the same 
8. If point B shorts to the negative side of the source, Vag 
(a) increases (b) decreases (c) stays the same 
9. If the negative side of the source is grounded, Vag 
(a) increases (b) decreases (c) stays the same 
Refer to Figure 9-32. 
10. If a voltage source Vgp fails open, the voltage at A with respect to ground 
(a) increases (b) decreases (c) stays the same 
11. Ifa short develops from point A to ground, the current through R3 
(a) increases (b) decreases (c) stays the same 
12. If R> opens, the voltage across Ra 
(a) increases (b) decreases (c) stays the same 
- 7 More difficult problems are indicated by an asterisk (*). 
PRO BLEMS Answers to odd-numbered problems are at the end of the book. 


SECTION 9-1 Simultaneous Equations in Circuit Analysis 
1. Using the substitution method, solve the following set of equations for Zp, and Ip. 
1007, + 50% = 30 
75h, + 90 = 15 
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2. Evaluate each determinant: 


(a) (b) |9 2 (c) 
0 5 


1255 
2 al 


4 6 
2 


(d) Ce 2H 
30 —20 


3. Using determinants, solve the following set of equations for both currents: 


-,+2h=4 
Wi, + 3h = 6 
4, Evaluate each of the determinants: 
(a) }1 0 ~2 (b) | 05 il -0.8 
5. 4 il 0.1 LED, 15 
2. 10 0 -0.1 —0.3 5 


5. Evaluate each of the determinants: 


(a) | 25 OF =20 (b) [1.08 1.75 0.55 
10 12 5 0 2.12 —0.98 
oO S00 16 1 3.49 —1.05 
6. Find J; in Example 9-4, 
7. Solve for /,, 2, 7; in the following set of equations using determinants: 
21, — 6l2 + 102, = 9 
31, + 7h — 815 = 3 
10), + 5, — 12h = 0 
*§8. Find V;, V2, V3, and V4 from the following set of equations using the calculator: 
16V, + 10V2 — 8V3 — 3V,4 = 15 
2V;, + OV2 + 5V3 + 2V, = 0 
= 1Vi or 12V2 =r OV; of OV, =9 
—1V, + 20V2 — 18V3 + OV, = 10 


ll 


9. Solve the two simultaneous equations in Problem 1 using your calculator. 


10. Solve the three simultaneous equations in Problem 7 using your calculator. 
SECTION 9-2 Branch Current Method 
11. Write the Kirchhoff current equation for the current assignment shown at node A in Figure 9-26. 


12. Solve for each of the branch currents in Figure 9-26. 


13. Find the voltage drop across each resistor in Figure 9-26 and indicate its actual polarity. 


R R; 


4 FIGURE 9-26 


*14. Find the current through each resistor in Figure 9-27 


15. In Figure 9-27. determine the voltage across the current source (points A and B) 
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® FIGURE 9-27 


SECTION 9-3 Loop Current Method 
16. Write the characteristic determinant for the equations: 
0.0457, + 0.130/R + 0.066/¢ = 0 
O.177I, + 0.04202, + 0.109/¢ = 12 
0.0781, + 0.196%g + 0.029J- = 3.0 


17. Using the loop current method, find the loop currents in Figure 9-28. 


18. Find the branch currents in Figure 9-28. 
19. Determine the voltages and their proper polarities for each resistor in Figure 9-28 


R 
1000 Q 
Vs1 — 
2V ie 


» FIGURE 9-28 


20. Write the loop equations for the circuit in Figure 9-29. 
21. Solve for the loop currents in Figure 9-29 using your calculator. 


22. Find the current through each resistor in Figure 9-29. 


A FIGURE 9-29 
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SECTION 9-4 


A FIGURE 9-30 


23. Determine the voltage across the open bridge terminals, A and B, in Figure 9-30. 


24. When a 10 © resistor is connected from terminal A to terminal B in Figure 9-30, what is the 
current through it? 


25. Write the loop equations in standard form for the bridged-T circuit in Figure 9-31. 


A FIGURE 9-31 


Node Voltage Method 
26. In Figure 9-32, use the node voltage method to find the voltage at point A with respect to ground. 


27. What are the branch current values in Figure 9-32? Show the actual direction of current in each 
branch. 


28. Write the node voltage equations for Figure 9-29. Use your calculator to find the node voltages. 


4 FIGURE 9-32 
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29. Use node analysis to determine the voltage at points A and B with respect to ground in Figure 
9-33. 


56 kO : 91kO 


& 


» FIGURE 9-33 


*30. Find the voltage at points A, B, and C in Figure 9-34. 


Ry R3 
1.0 kO 


» FIGURE 9-34 


*31. Use node analysis, loop analysis, or any other procedure to find all currents and the voltages at 
each unknown node in Figure 9-35. 


» FIGURE 9-35 


5.25 V 
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ANSWERS 


SECTION 9-1 


SECTION 9-2 


SECTION 9-3 


SECTION 9-4 


Multisim Troubleshooting and Analysis 

These problems require your Multisim CD-ROM. 

32. Open file P09-32 and measure the current through each resistor. 

33. Open file PO9-33 and measure the current through each resistor, 

34. Open file PO9-34 and measure the voltages with respect to ground at nodes A and B. 

35. Open file PO9-35. Determine if there is a fault and, if so, specify the fault. 

36. Open file PO9-36 and measure the voltages with respect to ground at output terminals 1 and 2. 
37. Open file P09-37 and determine what the fault is. 

38. Open file PO9-38 and determine what the fault is. 

39. Open file PO9-39 and determine what the fault is. 


SECTION REVIEWS 


Simultaneous Equations in Circuit Analysis 
1. (a) 4 (b) 0.415 (c) —98 
2 3 
5 a 
3. —0.286 A = —286mA 
4. 1, = —.038893513289 
Jy = .084110232475 
I, = 041925798204 
I, = —.067156192401 
5. [, = —.056363148617 
ly = 07218287729 
I, = .065684612774 
I, = —.041112571034 


| 


Branch Current Method 
1. Kirchhoff’s voltage law and Kirchhoff’s current law are used in the branch current method. 
2. False, but write the equations so that they are consistent with your assigned directions. 
3. A loop is a closed path within a circuit. 


4. A node is a junction of two or more Components. 


Loop Current Method 
1. No, loop currents are not necessarily the same as branch currents. 
2. A negative value means the direction should be reversed. 


3. Kirchhoff’s voltage law is used in loop analysis. 


Node Voltage Method 
1. Kirchhoff’s current law is the basis for node analysis. 


2. A reference node is the junction to which all circuit voltages are referenced 


A Circuit Application 


1. The output voltage is unaffected. 
2. The output voltage is doubled. 
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RELATED PROBLEMS FOR EXAMPLES 
9-1 20x, — 1lxm = —-15 
18x, + 25x, = 10 
9-2 10V; — 21V2 — 50V3 15 
[8V, + 25V2 — 12V3 = 10 
18V, — 25V2 + 12V3 = 9 
9-3 3.71A 
9-4 —298mA 
9-5 X, = —1.76923076923; Xz = —18.5384615385; X3 = —34.4615384615 
9-6 Same results as answer for 9-5 
9-7 1, = 17.2mA; bh = 8.74mA; 3 = —8.44mA 
9-8 1, = X; = .013897190675 (~13.9 mA); 1, = Xp = —.001867901972 (= —1.87 mA) 
9-9 They are correct. 
9-10 V, = 7.68 V, V2 = 8.25 V, V3 = 0.6 V, V4 = 3.73 V, VL = 4.32 V 
9-11 1.92V 
9-12 1, = 18.8mA, fp = 19.3mA, lz = 16.2mA, I, = 15.8mA, I, = 0.39mA 
9-13 Vz = 4.04 V 


SELF-TEST 
1. (e) 2. (d) 3. (b) 4. (c) 5. (c) 
6. (b) 7. (d) 8. (a) 9. (e) 10. (b) 


CIRCUIT DYNAMICS QUIZ 
1. (a) 2. (b) 3. (a) 4. (a) 5. (c) 6. (b) 
7. (a) 8. (a) 9. (c) 10. (b) 11. (b) 12. (b) 
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EROUTLINE = = = —————s J A CIRCUIT APPLICATION PREVIEW 


The Magnetic Field In the circuit application, you will learn how electromagnetic 
10-2 Electromagnetism relays can be used in burglar alarm systems, and you will 
develop a procedure to check out a basic alarm system. 


10-3 Electromagnetic Devices 

10-4 Magnetic Hysteresis 

10-5 Electromagnetic Induction 

10-6 Applications of Electromagnetic Induction Study aids for this chapter are available at 
A Circuit Application http://www.prenhall.com/floyd 


COMPANION WEBSIT: 


'® Explain the principles of a magnetic field This chapter departs from the coverage of dc circuits and in- 
troduces the concepts of magnetism and electromagnetism. 


© Explain the principles of electromagnetism 
4 ee 8 The operation of devices such as the relay, the solenoid, and 


Describe the principle of operation for several types of electro- the speaker is based partially on magnetic or electromag- 
magnetic devices netic principles. Electromagnetic induction is important in 
© Explain magnetic hysteresis an electrical component called an inductor or coil, which is 
Discurs the principle of electromagnetic induction the topic in Chapter 13. — 
Describe some applications of electromagnetic induction Two types of magnets are the peniagent mae and the | 
electromagnet. The permanent magnet maintains a constant , 
magnetic field between its two poles with no external excita- >» ”* 
tion. The electromagnet produces a magnetic field only 
* Magnetic field @ Solenoid a ar is current through it. The electromagnet is . oe 
bineweriares: ® Relay cally a coil of wire wound around a magnetic core material. . 
Magnetic flux @ Speaker 7 
Weber (Wb) Hysteresis 
=. 
Tesla  Retentivity es 
Electromagnetism @ Induced voltage (vinq) e 
Electromagnetic field ® Induced current (ing) 
Permeability Electromagnetic 
Magnetomotive force © Faraday’s law 7 
(mmf) @ Lenz’s law . 


4 


Ampere-turn (At) 


i) 
- 
- 


Vad bd i444 


10-1 THE MAGNETIC FIELD 
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A permanent magnet has a magnetic field surrounding it. The magnetic field consists 
of lines of force that radiate from the north pole (N) to the south pole (S) and back to 
the north pole through the magnetic material. 


After completing this section, you should be able to 
¢ Explain the principles of a magnetic field 
¢ Define magnetic flux 
¢ Define magnetic flux density 
¢ Discuss how materials are magnetized 
° Pes oe how a magnetic switch works 


a ee ee ee 


A permanent magnet, such as the bar magnet shown in Figure 10—1, has a magnetic field 
surrounding it that consists of lines of force, or flux lines. For clarity, only a few lines of force 
are shown in the figure. Imagine, however, that many lines surround the magnet in three di- 
mensions. The lines shrink to the smallest possible size and blend together, although they do 
not touch. This effectively forms a continuous magnetic field surrounding the magnet. 


<< FIGURE 10-1 


Magnetic lines of force around a bar 
magnet. 


=e 
i 


Blue lines represent only a few of the many magnetic 
lines of force in the magnetic field. 


When unlike poles of two permanent magnets are placed close together, their magnetic 
fields produce an attractive force, as indicated in Figure 10—2(a). When two like poles are 
brought close together, they repel each other, as shown in part (b). 

When a nonmagnetic material such as paper, glass, wood, or plastic is placed in a mag- 
netic field, the lines of force are unaltered, as shown in Figure 10—-3(a). However, when a 
magnetic material such as iron is placed in the magnetic field, the lines of force tend to 
change course and pass through the iron rather than through the surrounding air. They do 
so because the iron provides a magnetic path that is more easily established than that of air. 
Figure 10—3(b) illustrates this principle. The fact that magnetic lines of force follow a path 
through iron or other materials is a consideration in the design of shields that prevent stray 
magnetic fields from affecting sensitive circuits. 


Magnetic Flux (@) 


The group of force lines going from the north pole to the south pole of a magnet is called 
the magnetic flux, symbolized by ¢ (the Greek letter phi). The number of lines of force in 
a magnetic field determines the value of the flux. The more lines of force, the greater the 
flux and the stronger the magnetic field. 


Bel. G R.A.PH- Y. 


wie worked closely ua Gauss, 
whose biography appears later. 
Independently, he established a 
system of absolute electrical units 
and also performed work that was 
crucial to the later development of 
the electromagnetic theory of 
light. The unit of magnetic flux is 
named in his honor. (Photo credit: 
Courtesy of the Smithsonian 
Institution. Photo No. 52,604.) 
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transformer, wireless 
communications, and fluorescent 
lights. He worked for Edison when 
he first came to the U.S. in 1884 
and later for Westinghouse. The SI 
unit of magnetic flux density is 
named in his honor. (Photo credit: 
Courtesy of the Nikola Tesla 
Museum, Belgrade, Yugoslavia.) 


Equation 10-1 


— am 
=> N S N Ss = 
«4 = 
(a) Unlike poles attract. 
| 
| | | 
Gam s N! " S | 2 ap 
i i = i 
(b) Like poles repel. 
& FIGURE 10-2 
Magnetic attraction and repulsion. 
I ~ al _ ——1 
Ss N N a 
all — 
oe Soft iron v 


(a) (b) 


» FIGURE 10-3 
Effect of (a) nonmagnetic and (b) magnetic materials on a magnetic field. 


The unit of magnetic flux is the weber (Wb). One weber equals 10° lines. The weber is 
a very large unit; thus, in most practical situations, the microweber (t1Wb) is used. One mi- 
croweber equals 100 lines of magnetic flux. 


Magnetic Flux Density (B) 


The magnetic flux density is the amount of flux per unit area perpendicular to the mag- 
netic field. Its symbol is B, and its SI unit is the tesla (1). One tesla equals one weber per 
square meter (Wb/m7”). The following formula expresses the flux density: 


Ba— 
A 


where ¢ is the flux (Wb) and A is the cross-sectional area in square meters (m7) of the mag- 
netic field. 


THE MAGNETIC FIELD 


EXAMPLE 10-1 Compare the flux and the flux density in the two magnetic cores shown in Figure 10-4. 
The diagram represents the cross section of a magnetized material. Assume that each 
dot represents 100 lines or 1 pWb. 


FIGURE 10-4 


|«—— 2.5 cm ——>| |«_——_——- 5.0 cm —_—_-+| 


| 


2.5 cm 


a 


(a) 


Solution The flux is simply the number of lines. In Figure 10—4(a) there are 49 dots. Each 
represents 1 Wb, so the flux is 49 Wb. In Figure 10—4(b) there are 72 dots, so the 
flux is 72 w~Wb. 

To calculate the flux density in Figure 10—4(a), first calculate the area in m?. 


ee 029m x 0.025 m = 6.25 X 10 *m 
For Figure 10—4(b) the area is 

A =1X w = 0.025m X 0.050m = 1.25 x 10 ?m? 
Use Equation 10-1 to calculate the flux density. For Figure 10—4(a) the flux density is 
p a 49 Wb 
A 6.25 x 10*m? 
For Figure 10—-4(b) the flux density is 

ce) 72 ~pWb 


BS 5 516 X 10 * Whim? = 57.6 X 10° T 
A 125 < 10 ?m 


= 78.4 X 10°? Wh/m? = 78.4 x 10° T 


The data in Table 10—1 compares the two cores. Note that the core with the largest 
flux does not necessarily have the highest flux density. 


enere O71 FLUX (Wb) AREA (m2) FLUX DENSITY (T) 


Figure 10-4(a) 49 upWb 6.25 X 10 4m? 784 X 103T 
Figure 10-4(b) 72 pWb 1.25 X 103m? 57.6 X 10°T 


Related Problem What happens to the flux density if the same flux shown in Figure 10—4(a) is in a core 
that is 5.0cm X 5.0cm? 


* Answers are at the end of the chapter. 


EXAMPLE 10-2 If the flux density in a certain magnetic material is 0.23 T and the area of the material 
is 0.38 in.”, what is the flux through the material? 


Solution First, 0.38 in.? must be converted to square meters. 39.37 in. = 1 m; therefore, 


A = 0.38 in7[1 m?/(39.37 in.)?] = 245 x 106 m2 
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through the material is 
= BA = (0.23T)(245 x 10 © m?) = 56.4 w»Wb 


Bif A = 0.05 in.” and @ = 1000 uWb. 


De UP a, Pet, 


worldwide system of stations for 
systematic observations of 
terrestrial magnetism. The most 
important result of their work in 
electromagnetism was the later 
development of telegraphy by 
others. The CGS unit of magnetic 
flux density is named in his 
honor. (Credit: Illustration by 
Steven S. Nau.) 


>» FIGURE 10-6 
Operation of a magnetic switch. 


The Gauss Although the tesla (1) is the SI unit for flux density, another unit called the gauss, 
from the CGS (centimeter-gram-second) system, is occasionally used (104 gauss = 1 T). In 
fact, the instrument used to measure flux density is the gaussmeter. The gauss is a convenient 
unit for small magnetic fields such as the earth’s field, which ranges from 0.3—0.6 gauss, de- 
pending on location. 


How Materials Become Magnetized 


Ferromagnetic materials such as iron, nickel, and cobalt become magnetized when placed 
in the magnetic field of a magnet. We have all seen a permanent magnet pick up things like 
paper clips, nails, and iron filings. In these cases, the object becomes magnetized (that is, it 
actually becomes a magnet itself) under the influence of the permanent magnetic field and 
becomes attracted to the magnet. When removed from the magnetic field, the object tends 
to lose its magnetism. 

Ferromagnetic materials have minute magnetic domains created within their atomic 
structure. These domains can be viewed as very small bar magnets with north and south 
poles. When the material is not exposed to an external magnetic field, the magnetic do- 
mains are randomly oriented, as shown in Figure 10—S(a). When the material is placed in a 
magnetic field, the domains align themselves as shown in part (b). Thus, the object itself ef- 
fectively becomes a magnet. 


AES NY FS, = @ 
rs GD ’ cone ele 


(a) The magnetic domains (N @@ S) are (b) The magnetic domains become aligned 
randomly oriented in the unmagnetized when the material is magnetized. 
material. 


» FIGURE 10-5 
Magnetic domains in (a) an unmagnetized and in (b) a magnetized material. 


Applications Permanent magnets are used in switches, such as the normally closed (NC) 
magnetic switch. When a magnet is near the switch mechanism as in Figure 10-6(a), the 


(a) Contact is closed when magnet 
is near. 


(b) Contact opens when magnet is 
moved away. 
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metallic arm is held in its NC position. When the magnet is moved away, the spring pulls 
the arm up, which breaks the contact, as shown in part (b). 

Switches of this type are commonly used in perimeter alarm systems to detect entry into 
a building through windows or doors. As Figure 10—7 shows, several openings can be pro- 
tected by magnetic switches wired to a common transmitter. When any one of the switches 
opens, the transmitter is activated and sends a signal to a central receiver and alarm unit 


» FIGURE 10-7 


Connection of a typical perimeter 
alarm system. 


‘Transmitter 
unit 


magnets are placed close together, do they repel or at- 


nb = 4.5 uWb and A = 5 X 10-3 m?? 


10—2 ELECTROMAGNETISM 
Electromagnetism is the production of a magnetic field by current in a conductor. 
After completing this section, you should be able to 
¢ Explain the principles of electromagnetism 
¢ Determine the direction of the magnetic lines of force 
° Define permeability 
| e€ re 


Current produces a magnetic field, called an electromagnetic field, around a conduc- 
tor, as illustrated in Figure 10-8. The invisible lines of force of the magnetic field form a 
concentric circular pattern around the conductor and are continuous along its length. Un- 
like the bar magnet, the magnetic field surrounding a wire does not have a north or south 
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®» FIGURE 10-8 


Magnetic field around a current- 
carrying conductor. The red arrows 
indicate the direction of conven- 
tional (+ to —) current. 


» FIGURE 10-9 


Visible effects of an electromagnetic 


field. 


Magnetic lines of force 
are continuous along conductor 


pole. The direction of the lines of force surrounding the conductor shown in the figure is for 
conventional current. The lines are in a clockwise direction. When current is reversed, the 
magnetic field lines are in a counterclockwise direction. 

Although the magnetic field cannot be seen, it is capable of producing visible effects. 
For example, if a current-carrying wire is inserted through a sheet of paper in a perpendi- 
cular direction, iron filings placed on the surface of the paper arrange themselves along the 
magnetic lines of force in concentric rings, as illustrated in Figure 10—9(a). Part (b) of the 
figure illustrates that the north pole of a compass placed in the electromagnetic field will 
point in the direction of the lines of force. The field is stronger closer to the conductor and 
becomes weaker with increasing distance from the conductor. 


Compass 


Iron filings 


(b) 


Right-Hand Rule An aid to remembering the direction of the lines of force is illustrated 
in Figure 10-10. Imagine that you are grasping the conductor with your right hand, with 


» FIGURE 10-10 


Illustration of right-hand rule. The 
right-hand rule is used for conven- 
tional current (+ to —). 


your thumb pointing in the direction of current. Your fingers point in the direction of the 
magnetic lines of force. 


Electromagnetic Properties 


Several important properties are related to electromagnetic fields. 


Permeability (p.) The ease with which a magnetic field can be established in a given 
material is measured by the permeability of that material. The higher the permeability, the 
more easily a magnetic field can be established. 

The symbol of permeability is yz (the Greek letter mu), and its value varies depending 
on the type of material. The permeability of a vacuum (jo) is 477 X 10°7 Wb/At-m 
(webers/ampere-turn + meter) and is used as a reference. Ferromagnetic materials typically 
have permeabilities hundreds of times larger than that of a vacuum, indicating that a mag- 
netic field can be set up with relative ease in these materials. Ferromagnetic materials in- 
clude iron, steel, nickel, cobalt, and their alloys. 

The relative permeability (y,) of a material is the ratio of its absolute permeability to the 
permeability of a vacuum. 


By = - 

"Ho 
Because it is a ratio of permeabilities, yz, is dimensionless. Typical magnetic materials, 
such as iron, have a relative permeability of a few hundred. Highly permeable materials can 


have a relative permeability as high as 100,000. 


Reluctance (i) The opposition to the establishment of a magnetic field in a material is 
called reluctance. The value of reluctance is directly proportional to the length (J) of the 
magnetic path and inversely proportional to the permeability (42) and to the cross-sectional 
area (A) of the material, as expressed by the following equation: 
l 
R= — 
pA 
Reluctance in magnetic circuits is analogous to resistance in electric circuits. The unit of 
reluctance can be derived using / in meters, A (area) in square meters, and pp in Wb/At>m 
as follows: 


i yh At 


R=——= = 
BA (Wb/At-yA)(n*) = Wb 


At/Wb is ampere-turns/weber. 
Equation 10-3 is similar to Equation 2-6 for determining wire resistance. Recall that 
Equation 2-6 is 


af 


R 
A 


The reciprocal of resistivity (pe) is conductivity (0). By substituting 1/o for p, Equation 2-6 
can be written as 


Compare this last equation for wire resistance with Equation 10—3. The length (/) and 
the area (A) have the same meaning in both equations. The conductivity (co) in electrical 
circuits is analogous to permeability (42) in magnetic circuits. Also, resistance (R) in elec- 
tric circuits is analogous to reluctance (QR) in magnetic circuits; both are oppositions. Typ- 
ically, the reluctance of a magnetic circuit is 50,000 At/Wb or more, depending on the size 
and type of material. 
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Equation 10-2 


Equation 10-3 


e 
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EXAMPLE 10-3 


Solution 


Related Problem 


EXAMPLE 10-4 


Solution 


Related Problem 


Equation 10-4 


Calculate the reluctance of a torus (a doughnut-shaped core) made of low-carbon steel. 
The inner radius of the torus is 1.75 cm and the outer radius of the torus is 2.25 cm. 
Assume the permeability of low-carbon steel is 2 X 10-* Wb/At-m 


You must convert centimeters to meters before you calculate the area and length. From 
the dimensions given, the thickness (diameter) is 0.5 cm = 0.005 m. Thus, the cross- 
sectional area is 


A = mr2 = (0.0025) = 1.96 X 10> m2 


The length is equal to the circumference of the torus measured at the average radius of 
2.0 cm or 0.020 m. 


l= C = 2a@r = 277(0.020m) = 0.125m 


Substituting values into Equation 10-3, 


els O25 m = 31.9 x 10°At/Wb 


BA (2 X 10 *Wb/At- m)(1.96 X 107 m?) 


What happens to the reluctance if cast steel with a permeability of 5 X 10-4 Wb/At-m 
is substituted for the cast iron core? 


Mild steel has a relative permeability of 800. Calculate the reluctance of a mild steel 
core that has a length of 10 cm and has a cross section of 1.0cm X 1.2 cm. 


First, determine the permeability of mild steel. 
be = ob, = (4a X 10°’ Wb/At- m)(800) = 1.00 X 1073 Wb/At-m 
Next, convert the length to meters and the area to square meters. 


1= 10cm = 0.10m 
A = 0.010m X 0.012m = 1.2 X 10°*m? 


Substituting values into Equation 10-3, 


$n a3 x 10 At 


pA (1.00 X 10°? Wb/At: m)(1 2 X 10* m2) 


What happens to the reluctance if the core is made from 78 Permalloy with a relative 
permeability of 4000? 


Magnetomotive Force (mmf) As you have learned, current in a conductor produces a 
magnetic field. The cause of a magnetic field is called the magnetomotive force (mmf). 
Magnetomotive force is something of a misnomer because in a physics sense it is not really 
a force, rather a direct result of the movement of charge (current). The unit of mmf, the 
ampere-turn (AQ), is established on the basis of the current in a single loop (turn) of wire. 
The formula for mmf is 


fn INE 


where F,,, is the magnetomotive force, N is the number of turns of wire, and J is the current 
in amperes. 

Figure 10—11 illustrates that a number of turns of wire carrying a current around a mag- 
netic material creates a force that sets up flux lines through the magnetic path. The amount 
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~~ FIGURE 10-11 
A basic magnetic circuit. 


of flux depends on the magnitude of the mmf and on the reluctance of the material, as ex- 
pressed by the following equation: 


b= Equation 10—5 


Equation 10-5 is known as the Ohm’s law for magnetic circuits because the flux (@) is 
analogous to current, the mmf (F,,,) is analogous to voltage, and the reluctance (&) is anal- 
ogous to resistance. 


e magnetic path of Figure 10-12 if the reluctance of 


Magnetic 
material 
” 


M_( 00 1)(0.300 A) 


= 536 uWb 
2.8 X 10° AyWb es 


the magnetic path of Figure 10—12 if the reluctance is 
f turns is 300, and the current is 0.18 A? 


circuit if the flux is 250 «Wb? 
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The Electromagnet 


An electromagnet is based on the properties that you have just learned. A basic electro- 
magnet is simply a coil of wire wound around a core material that can be easily mag- 
netized. 

The shape of an electromagnet can be designed for various applications. For example, 
Figure 10-13 shows a U-shaped magnetic core. When the coil of wire is connected to a bat- 
tery and there is current, as shown in part (a), a magnetic field is established as indicated. 
If the current is reversed, as shown in part (b), the direction of the magnetic field is also re- 
versed. The closer the north and south poles are brought together, the smaller the air gap 
between them becomes, and the easier it becomes to establish a magnetic field because the 
reluctance is lessened. 


(a) (b) 


A FIGURE 10-13 


Reversing the current in the coil causes the electromagnetic field to reverse. 


ic field in an electromagnet when the current through 


c circuit 


stion 3 to its electrical counterpart. | 


ELECTROMAGNETIC DEVICES 


10-3 ELECTROMAGNETIC DEVICES 


Many types of useful devices such as tape recorders, electric motors, speakers, sole- 
noids, and relays are based on electromagnetism. 


After completing this section, you should be able to 


¢ Describe the principle of operation for several types of electromagnetic 
devices 


« Discuss how a solenoid and a solenoid valve work 


od 


Discuss how a relay works 


Sd 


Discuss how a speaker works 


e 


Discuss the basic analog meter movement 


Sd 


Explain a magnetic disk and tape Read/Write operation 


The Solenoid 


The solenoid is a type of electromagnetic device that has a movable iron core called a 
plunger. The movement of this iron core depends on both an electromagnetic field and a 
mechanical spring force. The basic structure of a solenoid is shown in Figure 10—14. It con- 
sists of a cylindrical coil of wire wound around a nonmagnetic hollow form. A stationary 
iron core is fixed in position at the end of the shaft and a sliding iron core (plunger) is at- 
tached to the stationary core with a spring. 


Coil form 


Cc Plunger 


(a) Solenoid (b) Basic construction (c) Cutaway view 


» FIGURE 10-14 


Basic solenoid structure. 


The basic solenoid operation is illustrated in Figure 10-15 for the unenergized and the 
energized conditions. In the at-rest (or unenergized) state, the plunger is extended. The so- 
lenoid is energized by current through the coil, which sets up an electromagnetic field that 
magnetizes both iron cores. The south pole of the stationary core attracts the north pole of 
the movable core causing it to slide inward, thus retracting the plunger and compressing the 
spring. As long as there is coil current, the plunger remains retracted by the attractive force 
of the magnetic fields. When the current is cut off, the magnetic fields collapse and the 
force of the compressed spring pushes the plunger back out. The solenoid is used for ap- 
plications such as opening and closing valves and automobile door locks. 


The Solenoid Valve In industrial controls, solenoid valves are widely used to control the 
flow of air, water, steam, oils, refrigerants, and other fluids. Solenoid valves are used in 
both pneumatic (air) and hydraulic (oil) systems, common in machine controls. Solenoid 
valves are also common in the aerospace and medical fields. Solenoid valves can either 
move a plunger to open or close a port or can rotate a blocking flap a fixed amount 
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(a) Unenergized (no voltage or current)— plunger extended (b) Energized — plunger retracted 


A FIGURE 10-15 


Basic solenoid operation. 


A solenoid valve consists of two functional units: a solenoid coil that provides the mag- 
netic field to provide the required movement to open or close the valve and a valve body, 
which is isolated from the coil assembly via a leakproof seal and includes a pipe and but- 
terfly valve. Figure 10-16 shows a cutaway of one type of solenoid valve. When the sole- 
noid is energized, the butterfly valve is turned to open a normally closed (NC) valve or to 
close a normally open (NO) valve. 


» FIGURE 10-16 


A basic solenoid valve structure. ‘ 
Solenoid 


Pipe 


Butterfly valve 


Solenoid valves are available with a wide variety of configurations including normally 
open or normally closed valves. They are rated for different types of fluids (for example, 
gas or water), pressures, number of pathways, sizes, and more. The same valve may con- 
trol more than one line and may have more than one solenoid to move. 


The Relay 


The relay differs from the solenoid in that the electromagnetic action is used to open or 
close electrical contacts rather than to provide mechanical movement. Figure 10-17 shows 
the basic operation of an armature-type relay with one normally open (NO) contact and one 
normally closed (NC) contact (single pole—double throw). When there is no coil current, 
the armature is held against the upper contact by the spring, thus providing continuity from 
terminal 1 to terminal 2, as shown in part (a) of the figure. When energized with coil cur- 
rent, the armature is pulled down by the attractive force of the electromagnetic field and 
makes connection with the lower contact to provide continuity from terminal 1 to terminal 
3, as shown in Figure 10—17(b). A typical armature relay is shown in part (c) and the 
schematic symbol] is shown in part (d). 

Another widely used type of relay is the reed relay, which is shown in Figure 10-18. The 
reed relay, like the armature relay, uses an electromagnetic coil. The contacts are thin reeds 
of magnetic material and are usually located inside the coil. When there is no coil current, 
the reeds are in the open position as shown in part (b). When there is current through the 
coil, the reeds make contact because they are magnetized and attract each other as shown 
in part (c). 
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NC contact 


NO contact 


(a) Unenergized: continuity from terminal | (b) Energized: continuity from terminal | 
to terminal 2 to terminal 3 


Contact points 


Terminals 


Connecting 
wire 5 
Electromagnetic Terminals 
coil 
(c) Typical relay structure (d) Symbol 
A FIGURE 10-17 
Basic structure of a single-pole-double-throw armature relay. 
Reed 
Enclosure 
cu 
(b) Unenergized (c) Energized 


A FIGURE 10-18 


Basic structure of a reed relay. 


Reed relays are superior to armature relays in that they are faster, more reliable, and pro- 
duce less contact arcing. However, they have less current-handling capability than armature 
relays and are more susceptible to mechanical shock. 


The Speaker 


A speaker is an electromagnetic device that converts electrical signals to sound waves. 
Permanent-magnet speakers are commonly used in stereos, radios, and TVs, and their 
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Permanent 
magnet 


(a) Basic speaker construction 


(a) Speaker 


Fixed rim 


~ Flexible 
diaphragm 


(cone) 


(b) Coil current producing movement (c) Coil current producing movement 
of cone to the right of cone to the left 


& FIGURE 10-19 


Basic speaker operation. 


operation is based on the principle of electromagnetism. A typical speaker is constructed 
with both a permanent magnet and an electromagnet, as shown in Figure 10-19(a). The 
cone of the speaker consists of a paper-like diaphragm to which is attached a hollow 
cylinder with a coil around it, forming an electromagnet. One of the poles of the perma- 
nent magnet is positioned within the cylindrical coil. When there is current through the 
coil in one direction, the interaction of the permanent magnetic field with the electro- 
magnetic field causes the cylinder to move to the night, as indicated in Figure 10—19(b). 
Current through the coil in the other direction causes the cylinder to move to the left, as 
shown in part (c). 

The movement of the coil cylinder causes the flexible diaphragm also to move in or 
out, depending on the direction of the coil current. The amount of coil current deter- 
mines the intensity of the magnetic field, which controls the amount that the diaphragm 
moves. 

As shown in Figure 10-20, when an audio signal (voice or music) is applied to the coil, 
the current varies in both direction and amount. In response, the diaphragm will vibrate in 
and out by varying amounts and at varying rates corresponding to the audio signal. Vibra- 
tion in the diaphragm causes the air that is in contact with it to vibrate in the same manner. 
These air vibrations move through the air as sound waves. 


Vibrating 
diaphragm 


signal 
voltage 


Sound waves 


(b) How the speaker produces sound 


» FIGURE 10-20 


The speaker converts audio signal voltages into sound waves. 
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Meter Movement 


The d’Arsonval meter movement is the most common type used in analog multimeters. In 
this type of meter movement, the pointer is deflected m proportion to the amount of current 
through a coil. Figure 10-21 shows a basic d’Arsonval meter movement. It consists of a 
coil of wire wound on a bearing-mounted assembly that is placed between the poles of a 
permanent magnet. A pointer is attached to the moving assembly. With no current through 
the coil, a spring mechanism keeps the pointer at its left-most (zero) position. When there 
is current through the coil, electromagnetic forces act on the coil, causing a rotation to the 
right. The amount of rotation depends on the amount of current. 


Figure 10-22 illustrates how the interaction of magnetic fields produces rotation of the 
coil assembly. Current is inward at the “cross” and outward at the “dot” in the single wind- 
ing shown. The inward current produces a clockwise electromagnetic field that reinforces 
the permanent magnetic field above it. The result is a downward force on the right side of 
the coil as shown. The outward current produces a counterclockwise electromagnetic field 
that reinforces the permanent magnetic field below it. The result is an upward force on the 
left side of the coil as shown. These forces produce a clockwise rotation of the coil assem- 
bly and are opposed by a spring mechanism. The indicated forces and the spring force are 
balanced at the value of the current. When current is removed, the spring force returns the 
pointer to its zero position. 


<@ FIGURE 10-22 


When the electromagnetic field 
interacts with the permanent mag- 
netic field, forces are exerted on the 
rotating coil assembly, causing it to 
move clockwise and thus deflecting 
the pointer. 


® Current in 
© Current out 


<@ FIGURE 10-21 


The basic d’Arsonval meter 
movement. 
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Write head 


Magnetic Disk and Tape Read/Write Head 


A simplified diagram of a magnetic disk or tape surface read/write operation is shown in 
Figure 10-23. A data bit (1 or 0) is written on the magnetic surface by the magnetization 
of a small segment of the surface as it moves by the write head. The direction of the mag- 
netic flux lines is controlled by the direction of the current pulse in the winding, as shown 
in Figure 10-23(a). At the air gap in the write head, the magnetic flux takes a path through 
the surface of the storage device. This magnetizes a small spot on the surface in the direc- 
tion of the field. A magnetized spot of one polarity represents a binary 1, and one of the 
opposite polarity represents a binary 0. Once a spot on the surface is magnetized, it re- 
mains until written over with an opposite magnetic field. 

When the magnetic surface passes a read head, the magnetized spots produce magnetic 
fields in the read head, which induce voltage pulses in the winding. The polarity of these 
pulses depends on the direction of the magnetized spot and indicates whether the stored bit 
is a1 ora 0. This process is illustrated in Figure 10—23(b). Often the read and write heads 
are combined into a single unit. 


The Magneto-Optical Disk 


The magneto-optical disk uses an electromagnet and laser beams to read and write (record) 
data on a magnetic surface. Magneto-optical disks are formatted in tracks and sectors sim- 
ilar to magnetic floppy disks and hard disks. However, because of the ability of a laser 
beam to be precisely directed to an extremely small spot, magneto-optical disks are capa- 
ble of storing much more data than standard magnetic hard disks. 

Figure 10—24(a) illustrates a small cross-sectional area of a disk before recording, with 
an electromagnet positioned below it. Tiny magnetic particles, represented by the arrows, 
are all magnetized in the same direction. 

Writing (recording) on the disk is accomplished by applying an external magnetic field 
opposite to the direction of the magnetic particles, as indicated in Figure 10—-24(b), and 
then directing a high-power laser beam to heat the disk at a precise point where a binary 1 
is to be stored. The disk material, a magneto-optic alloy, is highly resistant to magnetiza- 
tion at room temperature; but at the spot where the laser beam heats the material, the in- 
herent direction of magnetism is reversed by the external magnetic field produced by the 
electromagnet. At points where binary Os are to be stored, the laser beam is not applied and 
the inherent upward direction of the magnetic particle remains. 

As illustrated in Figure 10—24(c), reading data from the disk is accomplished by 
turning off the external magnetic field and directing a low-power laser beam at a spot 


Read head 


Moving magnetic surface Magnetized spot 
(a) The magnetic flux from the write head follows the low (b) When read head passes over magnetized spot an 
reluctance path through the moving magnetic surface. induced voltage appears at the output. 


» FIGURE 10-23 


Read/write function on a magnetic surface. 
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High-power 
Magnetic laser beam 
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(a) Small cross-section of unrecorded disk (b) Writing: A high-power laser beam heats the spot, causing the 


magnetic particle to align with the electromagnetic field. 


Reflected beam 


Detector 
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High-power 
Low-power laser beam 
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(c) Reading: A low-power laser beam reflects off of the reversed- (d) Erasing: The electromagnetic field is reversed as the high- 
polarity magnetic particle and its polarization shifts. If the particle power laser beam heats the spot, causing the magnetic particle 
is not reversed, the polarization of the reflected beam is unchanged. to be restored to the original polarity. 


» FIGURE 10-24 
Basic concept of the magneto-optical disk. 


where a bit is to be read. Basically, if a binary 1 is stored at the spot (reversed magneti- 
zation), the laser beam is reflected and its polarization is shifted; but if a binary 0 is 
stored, the polarization of the reflected laser beam is unchanged. A detector senses the 
difference in the polarity of the reflected laser beam to determine if the bit being read is 
alora0. 

Figure 10—24(d) shows that the disk is erased by restoring the original magnetic direc- 
tion of each particle by reversing the external magnetic field and applying the high power 
laser beam. 


between a solenoid and a relay. 


is the d’Arsonval meter movement based? 
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10—4 MAGNETIC HYSTERESIS 


When a magnetizing force is applied to a material, the flux density in the material 
changes in a certain way. 


After completing this section, you should be able to 


¢ Explain magnetic hysteresis 


¢ State the formula for magnetic field intensity 


Equation 10-6 


Magnetic Field Intensity (H) 


The magnetic field intensity (also called magnetizing force) in a material is defined to be 
the magnetomotive force (F,,,) per unit length (/) of the material, as expressed by the fol- 
lowing equation. The unit of magnetic field intensity (H) is ampere-turns per meter (At/m). 


H= 
l 


where F,,, = NI. Note that the magnetic field intensity depends on the number of turns (VY) 
of the coil of wire, the current (/) through the coil, and the length (J of the material. It does 
not depend on the type of material. 

Since ¢ = F,,/R, as F,, increases, the flux increases, Also, the magnetic field intensity 
(H) increases. Recall that the flux density (B) is the flux per unit cross-sectional area 
(B = @/A), so B is also proportional to H. The curve showing how these two quantities (B 
and H) are related is called the B-H curve or the hysteresis curve. The parameters that in- 
fluence both B and H are illustrated in Figure 10-25. 


Cross-sectional area 


(4) Flux (6) 


y_—— - é 
- B= a 
Number of turns Length around core (/) 
(N) 
ii = i 


Reluctance of 
core material (2) 


» FIGURE 10-25 
Parameters that determine the magnetic field intensity (H) and the flux density (B). 


The Hysteresis Curve and Retentivity 


Hysteresis is a characteristic of a magnetic material whereby a change in magnetization 
lags the application of the magnetic field intensity. The magnetic field intensity (H) can be 
readily increased or decreased by varying the current through the coil of wire, and it can be 
reversed by reversing the voltage polarity across the coil. 

Figure 10-26 illustrates the development of the hysteresis curve. Let’s start by assum- 
ing a magnetic core is unmagnetized so that B = 0. As the magnetic field intensity (H) is 
increased from zero, the flux density (B) increases proportionally, as indicated by the curve 
in Figure 10—26(a). When H reaches a certain value, B begins to level off. As H continues 
to increase, B reaches a saturation value (B.,,) when H reaches a value (H,,), as illustrated 
in Figure 10-26(b). Once saturation is reached, a further increase in H will not increase B. 


B B(T) 
Saturation 


(a) (b) (c) 


(e) (g) 


& FIGURE 10-26 


Development of a magnetic hysteresis curve. 


Now, if H is decreased to zero, B will fall back along a different path to a residual value 
(Br), as shown in Figure 10—26(c). This indicates that the material continues to be magnet- 
ized even when the magnetic field intensity is zero (H = 0). The ability of a material to 
maintain a magnetized state without magnetic field intensity is called retentivity. The re- 
tentivity of a material represents the maximum flux that can be retained after the material 
has been magnetized to saturation and is indicated by the ratio of Br to Byj. 

Reversal of the magnetic field intensity is represented by negative values of H on the 
curve and is achieved by reversing the current in the coil of wire. An increase in H in the 
negative direction Causes saturation to occur at a value (—H,,,) where the flux density is at 
its maximum negative value, as indicated in Figure 10—26(d). 

When the magnetic field intensity is removed (H = 0), the flux density goes to its neg- 
ative residual value (— Br), as shown in Figure 10—26(e). From the —Bp value, the flux den- 
sity follows the curve indicated in part (f) back to its maximum positive value when the 
magnetic field intensity equals H,., in the positive direction. 

The complete B-H curve is shown in Figure 10-26(g) and is called the hysteresis curve. 
The magnetic field intensity required to make the flux density zero is called the coercive 

force, Hc. 
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Materials with a low retentivity do not retain a magnetic field very well, while those 
with high retentivities exhibit values of Bp very close to the saturation value of B. Depend- 
ing on the application, retentivity in a magnetic material can be an advantage or a disad- 
vantage. In permanent magnets and magnetic tape, for example, high retentivity is 
required; while in tape recorder read/write heads, low retentivity is necessary. In ac motors, 
retentivity is undesirable because the residual magnetic field must be overcome each time 
the current reverses, thus wasting energy. 


core, how does an increase in current through the coil affect 


required for tape recorder read/write heads but high retentivity 


10—5 ELECTROMAGNETIC INDUCTION 


When a conductor is moved through a magnetic field, a voltage is produced across the 
conductor. This principle is known as electromagnetic induction and the resulting volt- 
age is an induced voltage. The principle of electromagnetic induction is what makes 
transformers, electrical generators, and many other devices possible. 


After completing this section, you should be able to 
¢ Discuss the principle of electromagnetic induction 
¢ Explain how voltage is induced in a conductor in a magnetic field 


¢ Determine polarity of an induced voltage 


¢ Discuss forces on a conductor in a magnetic field 


Equation 10-7 


Relative Motion 


When a conductor is moved across a magnetic field, there is a relative motion between the 
conductor and the magnetic field. Likewise, when a magnetic field is moved past a station- 
ary conductor, there is also relative motion. In either case, this relative motion results in an 
induced voltage (Ving) in the conductor, as Figure 10-27 indicates. The lowercase v 
stands for instantaneous voltage. Voltage is only induced when the conductor “cuts” mag- 
netic lines as shown. 

The amount of the induced voltage (vjnq) depends on the flux density, B, the length 
of the conductor, /, which is exposed to the magnetic field, and the rate at which the con- 
ductor and the magnetic field move with respect to each other. The faster the relative speed, 
the greater the induced voltage. The equation for induced voltage in a conductor is 


Vind = Blv 


where Ving is the induced voltage, B is the flux density in tesla, / is the length of the con- 
ductor exposed to the magnetic field in meters, and v is the relative velocity in meters per 
second. 


ELECTROMAGNETIC INDUCTION 
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A FIGURE 10-27 
Relative motion between a conductor and a magnetic field. 


Polarity of the Induced Voltage 


If the conductor in Figure 10—27 is moved first one way and then another in the magnetic - 


field, a reversal of the polarity of the induced voltage will be observed As the conductor is 
moved downward, a voltage is induced with the polarity indicated in Figure 10—28(a). As 
the conductor is moved upward, the polarity is as indicated in part (b) of the figure. 


(a) Downward relative motion (b) Upward relative motion 


» FIGURE 10-28 
Polarity of induced voltage depends on direction of motion. 


Induced Current 


When a load resistor is connected to the conductor in Figure 10~28, the voltage induced by 
the relative motion in the magnetic field will cause a current in the load, as shown in Figure 
10-29. This current is called the induced current (ijn,g). The lowercase i stands for in- 
stantaneous current. 


<< FIGURE 10-29 

Induced current in a load as the 
conductor moves through the 
magnetic field. 


The action of producing a voltage and a resulting current in a load by moving a con- 
ductor across a magnetic field is the basis for electrical generators. A single conductor 
will have a small induced current, so practical generators use coils with many turns. The 


concept of a conductor in a moving magnetic field is the basis for inductance in an elec- 
tric circuit. 


e 
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Bul. .O GeR*Ae hehe 


to the understanding of 
electromagnetism. He discovered 
that electricity could be produced 
by moving a magnet inside a coil 
of wire, and he was able to build 
the first electric motor. He later 
built the first electromagnetic 
generator and transformer. The 
statement of the principles of 
electromagnetic induction is 
known today as Faraday’s law. 
Also, the unit of capacitance, the 
farad, is named after him. (Photo 
credit: Library of Congress.) 


(a) As the magnet moves slowly to the right, its magnetic field 
is changing with respect to coil, and a voltage is induced. 


Forces on a Current-Carrying Conductor in a Magnetic Field 
(Motor Action) 


Figure 10—30(a) shows current outward through a wire in a magnetic field. The electro- 
magnetic field set up by the current interacts with the permanent magnetic field; as a re- 
sult, the permanent lines of force above the wire tend to be deflected down under the wire, 
because they are opposite in direction to the electromagnetic lines of force. Therefore, the 
flux density above is reduced, and the magnetic field is weakened. The flux density below 
the conductor is increased, and the magnetic field is strengthened. An upward force on the 
conductor results, and the conductor tends to move toward the weaker magnetic field. 


ee me ie 


(a) Upward force: weak field above, strong (b) Downward force: strong field above, 
field below. weak field below 


©» 


© Current out 
@) Current in 


A FIGURE 10-30 
Forces on a current-carrying conductor in a magnetic field (motor action). 


Figure 10-30(b) shows the current inward, resulting in a force on the conductor in the 
downward direction. This force is the basis for electrical motors. The discovery of it was 
one of the factors that led to the Industrial Revolution. 


Faraday’s Law 


Michael Faraday discovered the principle of electromagnetic induction in 1831. He 
found that moving a magnet through a coil of wire induced a voltage across the coil, and 
that when a complete path was provided, the induced voltage caused an induced current, as 
you have learned. Faraday’s two observations are stated as follows: 


1. The amount of voltage induced in a coil is directly proportional to the rate of 
change of the magnetic field with respect to the coil (d¢/dt). 


2. The amount of voltage induced in a coil is directly proportional to the number of 
tums of wire in the coil (NV). 


Faraday’s first observation is demonstrated in Figure 10-31, where a bar magnet is 
moved through a coil, thus creating a changing magnetic field. In part (a) of the figure, the 


Fatty 
ww 5 ily 


(b) As the magnet moves more rapidly to the right, its magnetic 
field is changing more rapidly with respect to coil, and a 
greater voltage is induced. 


» FIGURE 10-31 


A demonstration of Faraday’s first observation: The amount of induced voltage is directly proportional 
to the rate of change of the magnetic field with respect to the coil. 
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magnet is moved at a certain rate, and a certain induced voltage is produced as indicated. 
In part (b), the magnet is moved at a faster rate through the coil. creating a greater induced 
voltage. 

Faraday’s second observation is demonstrated in Figure 10-32. In part (a), the magnet 
is moved through the coil and a voltage is induced as shown. In part (b), the magnet is 
moved at the same speed through a coil that has a greater number of turns. The greater 
number of turns creates a greater induced voltage. 


(a) Magnet moves through a coil and induces a voltage (b) Magnet moves at same rate through a coil with more turns 
(loops) and induces a greater voltage. 


» FIGURE 10-32 


A demonstration of Faraday’s second observation: The amount of induced voltage is directly 
proportional to the number of turns in the coil. 


Faraday’s law is stated as follows: 


The voltage induced across a coil of wire equals the number of turns in the coil 
times the rate of change of the magnetic flux. 


Faraday’s law is expressed in equation form as 


dd : 
Vind) = 7 Equation 10-8 


'y’s law to find the induced voltage across a coil with SOO turns that is 
a magnetic field that is changing at a rate of 8000 4 Wb/s. 


tea = n=) = (500 1)(8000 pWb/s) = 4.0 V 


dt 


induced voltage across a 250 turn coil in a magnetic field that is changing al 


Lenz’s Law 


Faraday’s law states that a changing magnetic field induces a voltage in a coil that is di- 
rectly proportional to the rate of change of the magnetic field and the number of turns in the 
coil. Lenz’s law defines the polarity or direction of the induced voltage. 


When the current through a coil changes, an induced voltage is created as a result 
of the changing electromagnetic field and the polarity of the induced voltage is 
such that it always opposes the change in current. 
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oss a Stationary conductor in a stationary magnetic 


ctor is moved through a magnetic field is increased, 


decrease, or remain the same? 
conductor in a magnetic field, what happens? 


10-6 APPLICATIONS OF ELECTROMAGNETIC INDUCTION 


Two applications of electromagnetic induction are an automotive crankshaft position 
sensor and a dc generator. Although there are many varied applications, these two are 
representative. 


After completing this section, you should be able to 


Automotive Crankshaft Position Sensor 


An automotive application of electromagnetic induction involves a type of engine sensor that 
detects the crankshaft position. The electronic engine controller in many automobiles uses the 
position of the crankshaft to set ignition timing and, sometimes, to adjust the fuel control sys- 
tem. Figure 10-33 shows the basic concept. A steel disk is attached to the engine’s crankshaft 
by an extension rod; the protruding tabs on the disk represent specific crankshaft positions. 


Coil output goes 
to signal-processing 
and control circuit. 


Magnet 


Steel disk 


Protruding tab 


Extension of 
crankshaft 


» FIGURE 10-33 


A crankshaft position sensor that produces a voltage when a tab passes through the air gap of the 
magnet. 
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As the steel disk rotates with the crankshaft, the tabs periodically pass through the air 
gap of the permanent magnet. Since steel has a much lower reluctance than does air (a mag- 
netic field can be established in steel much more easily than in air), the magnetic flux sud- 
denly increases as a tab comes into the air gap, causing a voltage to be induced across the 
coil. This process is illustrated in Figure 10-34. The electronic engine control circuit uses 
the induced voltage as an indicator of the crankshaft position. 


OV Vind 
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ier 


Steel tab 
(a) There is no changing magnetic (b) Insertion of the steel tab 
field, so there is no induced reduces the reluctance of the 
voltage. air yap, causing the magnetic 


flux to momentarily increase 

and thus inducing a momentary 

voltage. 
A FIGURE 10-34 
As the tab passes through the air gap of the magnet, the coil senses a change in the magnetic field, 
and a voltage is induced. 


DC Generator 


Figure 10-35 shows a simplified dc generator consisting of a single loop of wire in a per- 
manent magnetic field. Notice that each end of the wire loop is connected to a split-ring 
arrangement. This conductive metal ring is called a commutator. As the wire loop is ro- 
tated in the magnetic field, the split commutator ring also rotates. Each half of the split 


<@ FIGURE 10-35 
A simplified dc generator. 
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ring rubs against the fixed contacts, called brushes, and connects the wire loop to an ex- 
ternal circuit. 

As the wire loop rotates through the magnetic field, it cuts through the flux lines at vary- 
ing angles, as illustrated in Figure 10-36. At position A in its rotation, the loop of wire is 
effectively moving parallel with the magnetic field. Therefore, at this instant, the rate at 
which it is cutting through the magnetic flux lines is zero. As the loop moves from position 
A to position B, it cuts through the flux lines at an increasing rate. At position B, it is mov- 
ing effectively perpendicular to the magnetic field and thus is cutting through a maximum 
number of lines. As the loop rotates from position B to position C, the rate at which it cuts 
the flux lines decreases to minimum (zero) at C. From position C to position D, the rate at 
which the loop cuts the flux lines increases to a maximum at D and then back to a minimum 
again at A. 


® FIGURE 10-36 


End view of wire loop cutting 
through the magnetic field. 


As you have learned, when a wire moves through a magnetic field, a voltage is induced, 
and by Faraday’s law, the amount of induced voltage is proportional to the number of loops 
(turns) in the wire and the rate at which it is moving with respect to the magnetic field. Now 
you know that the angle at which the wire moves with respect to the magnetic flux lines de- 
termines the amount of induced voltage because the rate at which the wire cuts through the 
flux lines depends on the angle of motion. 

Figure 10-37 illustrates how a voltage is induced in the external circuit as the single loop 
rotates in the magnetic field. Assume that the loop is in its instantaneous horizontal position, 
so the induced voltage is zero. As the loop continues in its rotation, the induced voltage 
builds up to a maximum at position B, as shown in part (a) of the figure. Then, as the loop 
continues from B to C, the voltage decreases to zero at position C, as shown in part (b). 

During the second half of the revolution. shown in Figure 10-37(c) and (d), the 
brushes switch to opposite commutator sections, so the polarity of the voltage remains 
the same across the output. Thus, as the loop rotates from position C to position D and 
then back to position A, the voltage increases from zero at C to a maximum at D and back 
to zero at A. 

Figure 10-38 shows how the induced voltage varies as the wire loop in the dc generator 
goes through several rotations (three in this case). This voltage is a dc voltage because its 
polarities do not change. However, the voltage is pulsating between zero and its maximum 
value. 

When more wire loops are added, the voltages induced across each loop are combined 
across the output. Since the voltages are offset from each other, they do not reach their 
maximum or zero values at the same time. A smoother dc voltage results, as shown in 
Figure 10-39 for two loops. The variations can be further smoothed out by filters to achieve 
a nearly constant dc voltage. (Filters are covered in Chapter 18.) 


Wire loop 


(a) Position B: Loop is moving perpendicular to flux lines, (b) Position C: Loop is moving parallel with flux lines, 


and voltage is maximum. and voltage is zero. 


(c) Position D: Loop is moving perpendicular to flux lines, (d) Position A: Loop is moving parallel with flux lines, 
and voltage is maximum. and voltage is zero. 


» FIGURE 10-37 


Operation of a basic dc generator. 
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» FIGURE 10-38 


Induced voltage over three rotations 


of the wire loop in the dc generator. 


~ FIGURE 10-39 


The induced voltage for a two-loop 
generator. There is much less 
variation in the induced voltage. 
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he sieel disk in the crankshaft position sensor has stopped, with a tab in the mag- 
air gap, what is the induced voltage? 


happens to the induced voltage if the wire loop in the basic dc generator sud- 
begins rotating at a faster speed? 


magnetic device that is used in many 
types of control applications. With a 
relay, a lower voltage, such as from a 
battery, can be used to switch a much higher voltage, such as the 
110 V from an ac outlet. You will see how a relay can be used in 
a basic burglar alarm system. 

The schematic in Figure 10-40 shows a simplified intrusion 
alarm system that uses a relay to turn on an audible alarm 
(siren) and lights. The system operates from a 9 V battery so 


that even if power to the house is off, the audible alarm will still 
: the intruder. 


work. 

The detection switches are normally open (NO) magnetic 
switches that are parallel connected and located in the windows 
and doors. The relay is a triple-pole—double-throw device that 


Magnetic detection switches 


System ON/OFF 


» FIGURE 10-40 
Simplified burglar alarm system. 


A Circuit Application 


The relay is a common type of electro- : 
50 mA. When an intrusion occurs, one of the switches closes 
and allows current from the battery to the relay coil, which en- 
ergizes the relay and causes the three sets of normally open 

: contacts to close. Closure of contact A turns on the alarm, 
which draws 2 A from the battery. Closure of contact C turns 
on a light circuit in the house. Closure of contact B latches the 
relay and keeps it energized even if the intruder closes the door 
: or window through which entry was made. If not for contact B 
in parallel with the detection switches, the alarm and lights 


coil as the schematic indicates. The schematic is drawn this way 
: for functional clarity. The entire relay is housed in the package 


operates with a coil voltage of 9 V de and draws approximately 


would go off as soon as the window or door was shut behind 


The relay contacts are not physically remote in relation to the 


110 V ac 


House lights 


Housing 


» FIGURE 10-41 
Triple-pole—double-throw relay. 


shown in Figure 10-41. Also shown are the pin diagram and in- 
ternal schematic for the relay. 


System Interconnections 

@ Develop a connection block diagram and point-to-point wire list 
for interconnecting the components in Figure 10-42 to create 
the alarm system shown in the schematic of Figure 10-40. The 
connection points on the components are indicated by letters. 
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A FIGURE 10-42 
Array of burglar alarm componenis. 


Pin arrangement (top view) 
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: ATest Procedure 


@ Develop a detailed step-by-step procedure to check out the 
completely wired burglar alarm system. 


i; Review 


1. What is the purpose of the detection switches? 
2. What is the purpose of contact B in the relay in Figure 10-40? 
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» TABLE 10-2 


¢ 


Unlike magnetic poles attract each other, and like poles repel each other. 


¢ 


Materials that can be magnetized are called ferromagnetic. 


¢ 


When there is current through a conductor, it produces an electromagnetic field around the con- 
ductor. 

® You can use the right-hand rule to establish the direction of the electromagnetic lines of force 
around a conductor. 


¢ 


An electromagnet is basically a coil of wire around a magnetic core. 


¢ 


When a conductor moves within a magnetic field, or when a magnetic field moves relative to a 
conductor, a voltage is induced across the conductor. 
@ The faster the relative motion between a conductor and a magnetic field, the greater the induced 


voltage. 


¢ 


Table 10-2 summarizes the magnetic quantities and units. 


SYMBOL QUANTITY S! UNIT 
B Magnetic flux density Tesla (T) 
C7) Magnetic flux Weber (Wb) 
pb Permeability Webers/ampere-turn » meter (Wb/At- m) 
R Reluctance Ampere-turns/weber (At/Wb) 
Ee Magnetomotive force (mmf) Ampere-turn (At) 
H Magnetic field intensity Ampere-turns/meter (At/m) 


Key terms and other bold terms in the chapter are defined in the end-of-book glossary. 


Ampere-turn (At) The current in a single loop (turn) of wire. 


Electromagnetic field A formation of a group of magnetic lines of force surrounding a conductor 
created by electrical current in the conductor. 


Electromagnetic induction The phenomenon or process by which a voltage is produced in a con- 
ductor when there is relative motion between the conductor and a magnetic or electromagnetic field. 


Electromagnetism The production of a magnetic field by current in a conductor. 


Faraday’s law A law stating that the voltage induced across a coil of wire equals the number of 
turns in the coil times the rate of change of the magnetic flux. 


Hysteresis A characteristic of a magnetic material whereby a change in magnetization lags the ap- 
plication of the magnetic field intensity. 


Induced current (ij,g) A current induced in a conductor when the conductor moves through a 
magnetic field. 


Induced voltage (ving) Voltage produced as a result of a changing magnetic field. 


Lenz’s law_A law that states when the current through a coil changes, the polarity of the induced 
voltage created by the changing magnetic field is such that it always opposes the change in current 
that caused it. The current cannot change instantaneously. 


Lines of force Magnetic flux lines in a magnetic field radiating from the north pole to the south 


pole. 
Magnetic field A force field radiating from the north pole to the south pole of a magnet. 


Magnetic flux The lines of force between the north and south poles of a permanent magnet or an 
electromagnet. 


Magnetomotive force (mmf) The cause of a magnetic field, measured in ampere-turns. 
Permeability The measure of ease with which a magnetic field can be established in a material. 
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Relay An electromagnetically controlled mechanical device in which electrical contacts are 
opened or closed by a magnetizing current. 


Reluctance The opposition to the establishment of a magnetic field in a material. 


Retentivity The ability of a material, once magnetized, to maintain a magnetized state without the 
presence of a magnetizing force. 


Solenoid An electromagnetically controlled device in which the mechanical movement of a shaft 
or plunger is activated by a magnetizing current. 


Speaker An electromagnetic device that converts electrical signals to sound waves. 


Tesla (T) The SI unit for magnetic flux density. 


Weber (Wb) The SI unit of magnetic flux, which represents 10° lines. 


FORMULAS 
_¢ . 
10-1 B= " Magnetic flux density 
Ld = oe, 
10-2 LL; — a Relative permeability 
Ko 
1 
10-3 R= — Reluctance 
pA 
10-4 F,, = NI Magnetomotive force 
_ Fa : 
10-5 aes Magnetic flux 
Fn ; ee 
10-6 a 3 Magnetic field intensity 
10-7 Ving = Bly Induced voltage across a moving conductor 
dp 
10-8 Ying = N' he Faraday’s law 
SELF-TEST Answers are at the end of the chapter. 
1. When the south poles of two bar magnets are brought close together, there will be 


(a) a force of attraction (b) a force of repulsion 


(c) an upward force (d) no force 


. A magnetic field is made up of 


(a) positive and negative charges (b) magnetic domains 


(c) flux lines (d) magnetic poles 

. The direction of a magnetic field is from 
(a) north pole to south pole (b) south pole to north pole 
(c) inside to outside the magnet (d) front to back 


. Reluctance in a magnetic circuit is analogous to 


(a) voltage in an electric circuit (b) current in an electric circuit 

(c) power in an electric circuit (d) resistance in an electric circuit 
The unit of magnetic flux is the 

(a) tesla (b) weber (c) ampere-tum (d) ampere-turns/weber 


. The unit of magnetomotive force is the 


(a) tesla (b) weber (c) ampere-turmn (d) ampere-turns/weber 


- The unit of flux density is the 


(a) tesla (b) weber (c) ampere-turn (d) electron-volt 
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8. The electromagnetic activation of a movable shaft is the basis for 


9. 


10. 


11. 


12 


1. 


2. 


(a) relays (b) circuit breakers (c) magnetic switches (d) solenoids 
When there is current through a wire placed in a magnetic field, 

(a) the wire will overheat (b) the wire will become magnetized 

(c) a force is exerted on the wire (d) the magnetic field will be cancelled 


A coil of wire is placed in a changing magnetic field. If the number of turns in the coil is 
increased, the voltage induced across the coil will 


(a) remain unchanged (b) decrease (c) increase (d) be excessive 


If a conductor is moved back and forth at a constant rate in a constant magnetic field, the 
voltage induced in the conductor will 


(a) remain constant (b) reverse polarity (c) be reduced (d) be increased 


In the crankshaft position sensor in Figure 10—33, the induced voltage across the coil is 
caused by 


(a) current in the coil 
(b) rotation of the steel disk 
(c) a tab passing through the magnetic field 


(d) acceleration of the steel disk’s rotational speed 


More difficult problems are indicated by an asterisk (’). 
Answers to odd-numbered problems are at the end of the book. 


SECTION 10-1 The Magnetic Field 


The cross-sectional area of a magnetic field is increased, but the flux remains the same. Does 
the flux density increase or decrease? 


In a certain magnetic field the cross-sectional area is 0.5 m? and the flux is 1500 4.Wb. What is 
the flux density? 


. What is the flux in a magnetic material when the flux density is 2500 < 10~° T and the cross- 


> 


pr 


sectional area is 150 cm2? 


At a given location, assume the earth’s magnetic field is 0.6 gauss. Express this flux density in 
tesla. 


A very strong permanent magnet has a magnetic field of 100,000 xT. Express this flux density 
in gauss. 


SECTION 10-2 Electromagnetism 
6. 


What happens to the compass needle in Figure 10-9 when the current through the conductor is 
reversed? 


. What is the relative permeability of a ferromagnetic material whose absolute permeability is 


750 < 10°© Wb/At: m? 


. Determine the reluctance of a material with a length of 0.28 m and a cross-sectional area of 


0.08 m? if the absolute permeability is 150 < 10-7 Wb/At- m. 


. What is the magnetomotive force in a 50 turn coil of wire when there are 3 A of current 


through it? 


SECTION 10-3 Electromagnetic Devices 


10 


11. 


12, 


13. 


Typically, when a solenoid is activated, is the plunger extended or retracted? 
(a) What force moves the plunger when a solenoid is activated? 
(b) What force causes the plunger to return to its at-rest position? 


Explain the sequence of events in the circuit of Figure 10-43 starting when switch 1 (SW1) is 
closed. 


What causes the pointer in a d’Arsonval movement to deflect when there is current through the coil? 


SECTION 10-4 


PROBLEMS 


+9V 


I 
SWI 
+ | 


—= Lamp 2 Lamp | 


A FIGURE 10-43 


Magnetic Hysteresis 
14. What is the magnetizing force in Problem 9 if the length of the core is 0.2 m? 


¢ 
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15. How can the flux density in Figure 10-44 be changed without altering the physical characteris- 


tics of the core? 
16. In Figure 10-44, there are 500 turns. Determine 
(a) H (b) ¢ (c) B 


» FIGURE 10-44 


17. Determine from the hysteresis curves in Figure 10-45 which material has the most retentivity. 


B Material A 


Material B 


H 
Material C 


A FIGURE 10-45 
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SECTION 10-5 


SECTION 10-6 


Electromagnetic Induction 


18. According to Faraday’s law, what happens to the induced voltage across a given coil if the rate 
of change of magnetic flux doubles? 


19. What are three factors that determine the voltage in a conductor that is moving perpendicular to 
a magnetic field? 


20. A magnetic field is changing at a rate of 3500 < 10 * Wb/s. How much voltage is induced 
across a 50 turn coil that is placed in the magnetic field? 


21. How does Lenz’s law complement Faraday’s law? 


Applications of Electromagnetic Induction 
22. In Figure 10-33, why is there no induced voltage when the steel disk is not rotating? 


23. Explain the purpose of the commutator and brushes in Figure 10-35. 


*24, A basic one-loop dc generator is rotated at 60 rev/s. How many times each second does the de 


output voltage peak (reach a maximum)? 


*25. Assume that another loop, 90 degrees from the first loop, is added to the de generator in 


Problem 24. Make a graph of voltage versus time to show how the output voltage appears. 
Let the maximum voltage be 10 V. 


SECTION 10-1 


SECTION 10-2 


SECTION 10-3 


SECTION 10-4 


SECTION 10-5 


SECTION REVIEWS 


The Magnetic Field 
1. North poles repel. 
2. Magnetic flux ts the group of lines of force that make up a magnetic field. 
3. B= d/A = 900 nT 


Electromagnetism 


1. Electromagnetism is produced by current through a conductor. An electromagnetic field exists 
only when there is current. A magnetic field exists independently of current. 


2. When current reverses, the direction of the magnetic field also reverses. 
3. Flux (¢) equals magnetomotive force (F,,,) divided by reluctance (2). 


4. Flux: current, mmf: voltage, reluctance: resistance. 


Electromagnetic Devices 
1. A solenoid produces a movement only. A relay provides an electrical contact closure. 
2. The movable part of a solenoid is the plunger. 
3. The movable pait of a relay is the armature. 


4. The d’Arsonval movement is based on the interaction of magnetic fields. 


Magnetic Hysteresis 
1. An increase in current increases the flux density. 


2. Retentivity is the ability of a material to remain magnetized after removal of the magnetizing 
force. 


3. Heads should not remain magnetized after magnetic force is removed, but tape should. 


Electromagnetic Induction 
1. Zero voltage is induced. 
2. Induced voltage increases. 


3. A force is exerted on the conductor when there is current 
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SECTION 10-6 Applications of Electromagnetic Induction 
1. Zero voltage is induced in the air gap. 


2. A faster rotation increases induced voltage. 


A Circuit Application 
1. The detection switches when closed indicate an intrusion through a window or door 


2. Contact B latches the relay and keeps it energized when intrusion is detected. 


RELATED PROBLEMS FOR EXAMPLES 
10-1 Flux density will decrease. 
10-2 31.0T 
10-3 The reluctance is reduced to 12.8 X 10° At/Wb. 
10-4 1.66 X 10° At/Wb 
10-5 7.2 mWb 
10-6 (a) F,, = 42.5 At 
(b) R = 85 Xx 10° At/Wb 
10-7 12.5mV 


SELF-TEST 
1. (b) 2. (c) 3. (a) 4. (d) 5. (b) 6. (c) 7. (a) 8. (d) 
9. (c) 10. (c) 11. (b) 12. (c) 
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CURRENT AND VOLTAGE 


iT af @ Phase @ Periodic 
11-1 The Sinusoidal Waveform Me esis : oe 
11-2 Sinusoidal Voltage Sources Angular velocity 2 Pu 
11-3 Sinusoidal Voltage and Current Values @ Pulse ¢ Fundamental frequency 
11-4 Angular Measurement of a Sine Wave © Rise time (t,) @ Harmonics 
11-5 The Sine Wave Formula Fall time (£;) @ Oscilloscope 
11-6 Introduction to Phasors @ Pulse width (ty) = 
11-7 Analysis of AC Circuits 
11-8 Superimposed DC and AC Voltages A CIKCUIT APPLICATION PREVI 
11-9 Nonsinusoidal Waveforms In the circuit application, you will learn to measure voltage “ 
11-10 The Oscilloscope signals in an AM receiver using an oscilloscope. 4° 
A Circuit Application  * 
as Study aids for this chapter are available at ee 
® Identify a sinusoidal waveform and measure its characteristics http://www. prenhall.com/floyd ’ 
@ Describe how sine waves are generated 
* Determine the various voltage and current values of a sine wave _INTRODUCTIO 
Describe angular relationships of sine waves In the preceding chapters, you have studied resistive circuits L 
© Mathematically analyze a sinusoidal waveform with dc currents and voltages. This chapter provides an intro- . 
; duction to ac circuit analysis in which time-varying electrical ‘ 
® Use a phasor to represent a sine wave : 2 : , : 
signals, particularly the sine wave, are studied. An electrical 
® Apply the basic circuit laws to resistive ac circuits signal is a voltage or current that changes in some consistent 
* Determine total voltages that have both ac and dc components manner with time. In other words, the voltage or current 
® Identify the characteristics of basic nonsinusoidal waveforms fluctuates according to a certain pattern called a waveform. 
; An alternating voltage is one that changes polarity at a — 
® Use an oscilloscope to measure waveforms : ‘ 5 
certain rate, and an alternating current is one that changes - 
direction at a certain rate. The sinusoidal waveform (sine ™ 
wave) is the most common and fundamental type because 
“e@ Waveform @ Function generator all other types of repetitive waveforms can be broken down 
Baie vane Gitaciantatibus value into composite sine waves. The sine wave is a periodic type 
of waveform that repeats at fixed intervals. 
Cycle @ Peak value Special emphasis is given to the sinusoidal waveform 
@ Period (T) @ Peak-to-peak value (sine wave) because of its fundamental importance in ac cir- 
® Frequency (f) rms value cuit analysis. Other types of waveforms are also introduced, 
including pulse, triangular, and sawtooth. The use of the os- a 
@ Hertz (Hz) @ Average value ‘ a ; ‘ag 
5 cilloscope for displaying and measuring waveforms is intro- — 
Amplitude @ Degree duced. The use of phasors to represent sine waves is ~~ 
_ @ Oscillator @ Radian discussed. 
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THE SINUSOIDAL WAVEFORM @ 


11-1 THE SINUSOIDAL WAVEFORM 


The sinusoidal waveform or sine wave is the fundamental type of alternating current 
(ac) and alternating voltage. It is also referred to as a sinusoidal wave or, simply, sinu- 
soid. The electrical service provided by the power company is in the form of sinu- 
soidal voltage and current. In addition, other types of repetitive waveforms are 
composites of many individual sine waves called harmonics. 


ion, you should be able tc 


Sinusoidal voltages are produced by two types of sources: rotating electrical machines 
(ac generators) or electronic oscillator circuits, which are used in instruments commonly 
known as electronic signal generators. Figure 11-1 shows the symbol used to represent 
either source of sinusoidal voltage. 

Figure |1—2 is a graph showing the general shape of a sine wave, which can be either 
an alternating current or an alternating voltage. Voltage (or current) is displayed on the ver- 
tical axis and time (f) is displayed on the horizontal axis. Notice how the voltage (or cur- 
rent) varies with time. Starting at zero, the voltage (or current) increases to a positive 
maximum (peak), returns to zero, and then increases to a negative maximum (peak) before 
returning again to zero, thus completing one full cycle. 


+ Voltage (+V) Positive maximum 
or 


current (+/) 


Time (#) 


— Voltage (-V) 
or 
current (—I) 


Negative maximum 


A FIGURE 11-2 


Graph of one cycle of a sine wave. 


Polarity of a Sine Wave 


As mentioned, a sine wave changes polarity at its zero value; that is, it alternates between 
positive and negative values. When a sinusoidal voltage source (V,) is applied to a resistive 
circuit, as in Figure 11-3, an alternating sinusoidal current results. When the voltage 
changes polarity, the current correspondingly changes direction as indicated. 

During the positive alternation of the applied voltage V,, the current is in the direction 
shown in Figure 1 1—3(a). During a negative alternation of the applied voltage, the current 
is in the opposite direction, as shown in Figure | 1—-3(b). The combined positive and nega- 
tive alternations make up one cycle of a sine wave. 


» FIGURE 11-1 


Symbol for a sinusoidal voltage 
source. 


407 


408 ¢ INTRODUCTION TO ALTERNATING CURRENT AND VOLTAGE 


Positive alternation 


Negative alternation 
-V, -V, 
(a) During a positive alternation of voltage, current is in the direction (b) During a negative alternation of voltage, current reverses direction, 
shown as shown. 


® FIGURE 11-4 


The period of a sine wave is the same 


for each cycle. 


& FIGURE 11-3 
Alternating current and voltage. 


Period of a Sine Wave 
A sine wave varies with time (¢) in a definable manner. 
The time required for a sine wave to complete one full cycle is called the period (7). 


Figure 11-4(a) illustrates the period of a sine wave. Typically, a sine wave continues to 
repeat itself in identical cycles, as shown in Figure 11—4(b). Since all cycles of a repetitive 
sine wave are the same, the period is always a fixed value for a given sine wave. The period 
of a sine wave can be measured from a zero crossing to the next corresponding zero cross- 
ing, as indicated in Figure 11—4(a). The period can also be measured from any peak in a 
given cycle to the corresponding peak in the next cycle. 


/ 
f 
'<—— Period (7) - Ist cycle ee cycle Sle 3rd cycle =| 
(b) 


(a) 


f the sine wave in Figure 11-5? 


Solution 


Related Problem* 


EXAMPLE 11-2 


Solution 


FIGURE 11-7 


Measurement of the period of a 
sine wave 


Related Problem 


THE SINUSOIDAL WAVEFORM ¢ 


As shown in Figure 11-5, it takes four seconds (4 s) to complete each cycle. There- 
fore, the period is 4s. 


i—<aAs 


What is the period if the sine wave goes through five cycles in 12 s? 


* Answers are at the end of the chapter. 
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Show three possible ways to measure the period of the sine wave in Figure 11-6. How 
many cycles are shown? 


FIGURE 11-6 


/ 
0 t (us) 
Zz 


Method 1: The period can be measured from one zero crossing to the corresponding 
zero crossing in the next cycle (the slope must be the same at the corre- 
sponding zero crossings). 

Method 2: The period can be measured from the positive peak in one cycle to the 
positive peak in the next cycle. 

Method 3: The period can be measured from the negative peak in one cycle to the 
negative peak in the next cycle. 


These measurements are indicated in Figure 11—7, where two cycles of the sine 
wave are shown. Keep in mind that you obtain the same value for the period no matter 
which corresponding points on the waveform you use. 


Zero to zero 


<= 00 | samen Peakto peak 
Zero to zero 


If a positive peak occurs at J ms and the next positive peak occurs at 2.5 ms, what is 
the period? 
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BIOGRAPHY 


the nature of the reflection and 
refraction of electromagnetic 
waves was the same as that of 
light. The unit of frequency is 
named in his honor. (Photo credit: 
Deutsches Museum, courtesy AIP 
Emilio Segré Visual Archives.) 


Equation 11-1 


Equation 11-2 


Frequency of a Sine Wave 
Frequency (f) is the number of cycles that a sine wave completes in one second. 


The more cycles completed in one second, the higher the frequency. Frequency (f) is mea- 
sured in units of hertz. One hertz (Hz) is equivalent to one cycle per second; 60 Hz is 
60 cycles per second, for example. Figure 11-8 shows two sine waves. The sine wave in part 
(a) completes two full cycles in one second. The one in part (b) completes four cycles in one 
second. Therefore, the sine wave in part (b) has twice the frequency of the one in part (a). 


Vv 
t 
! 
t 
? 0 
a | 
(a) Lower frequency: fewer cycles per second (b) Higher frequency: more cycles per second 


» FIGURE 11-8 
Illustration of frequency. 


Relationship of Frequency and Period 


The formulas for the relationship between frequency (f) and period (7) are as follows: 


There is a reciprocal relationship between f and 7 Knowing one, you can calculate the 
other with the x! or 1/x key on your calculator. This inverse relationship makes sense 
because a sine wave with a longer period goes through fewer cycles in one second than one 
with a shorter period. 


(b) 


Solution 


Related Problem 


EXAMPLE 11-4 
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The sine wave in Figure |] 1—9(b) has the higher frequency because it completes more 
cycles in 1 s than does the sine wave in part (a). 
In Figure 11—9(a), three cycles are completed in 1 s; therefore, 


f=3Hz 
One cycle takes 0.333 s (one-third second), so the period is 
T = 0.333s = 333 ms 
In Figure 11—9(b), five cycles are completed in 1 s; therefore, 
f=5Hz 
One cycle takes 0.2 s (one-fifth second), so the period is 
T = 0.2s = 200ms 


If the time between negative peaks of a given sine wave is 50 js. what is the frequency? 


The period of a certain sine wave is 10 ms. What is the frequency? 


Solution 


Related Problem 


EXAMPLE 11-5 


Solution 


Related Problem 


Use Equation 11-1. 


1 1 1 


—. 10 ms - 10 x 1073s 


= 100 Hz 


A certain sine wave goes through four cycles in 20 ms. What is the frequency? 


The frequency of a sine wave is 60 Hz. What is the period? 


Use Equation 11-2. 


If T = 15 ps, what is f? 


a sine wave. 
2 wave change polarity? 
um points does a sine wave have during one cycle? 


of a sine wave measured? 
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11—2 SINUSOIDAL VOLTAGE SOURCES 


» FIGURE 11-10 


A simplified ac generator. 


Two basic methods of generating sinusoidal voltages are electromagnetic and elec- 
tronic. Sine waves are produced electromagnetically by ac generators and electroni- 
cally by oscillator circuits. 


After completing this section, you should be able to 
¢ Describe how sine waves are generated 
¢ Discuss the basic operation of an ac generator 
¢ Discuss factors that affect frequency in ac generators 


¢ Discuss factors that affect voltage in ac generators 


An AC Generator 


Figure 11-10 shows a greatly simplified ac generator consisting of a single loop of wire in 
a permanent magnetic field. Notice that each end of the wire loop is connected to a sepa- 
rate solid conductive ring called a slip ring. A mechanical drive, such as a motor, turns the 
shaft to which the wire loop is connected. As the wire loop rotates in the magnetic field be- 
tween the north and south poles, the slip rings also rotate and rub against the brushes that 
connect the loop to an external load. Compare this generator to the basic de generator in 
Figure 10-35, and note the difference in the ring and brush arrangements. 


Magnetic 


“~~ pole 


Mechanical 
>) drive 


Shaft 


Magnetic 
field 


Magnetic 


— pole 


Slip rings 


As you learned in Chapter 10, when a conductor moves through a magnetic field, a volt- 
age is induced. Figure 11—11 illustrates how a smusoidal voltage is produced by the basic ac 
generator as the wire loop rotates. An oscilloscope is used to display the voltage waveform 

To begin, Figure 1 1—11(a) shows the wire loop rotating through the first quarter of a rev- 
olution. It goes from an instantaneous horizontal position, where the induced voltage is 
zero, to an instantaneous vertical position, where the induced voltage is maximum. At the 
horizontal position, the loop is instantaneously moving parallel with the flux lines, which 
exist between the north (N) and south (S) poles of the magnet. Thus, no lines are being cut 
and the voltage is zero. As the wire loop rotates through the first quarter-cycle, it cuts 
through the flux lines at an increasing rate until it is instantaneously moving perpendicular 
to the flux lines at the vertical position and cutting through them at a maximum rate. Thus, 
the induced voltage increases from zero to a peak during the quarter-cycle. As shown on the 


SINUSOIDAL VOLTAGE SOURCES 


Wire 


(c) Third quarter-cycle (negative alternation) 


4& FIGURE 11-11 
One revolution of the wire loop generates one cycle of the sinusoidal voltage. 


display in part (a), this part of the rotation produces the first quarter of the sine wave cycle 
as the voltage builds up from zero to its positive maximum. 

Figure 11—11(b) shows the loop completing the first half of a revolution. During this 
part of the rotation, the voltage decreases from its positive maximum back to zero as the 
rate at which the loop cuts through the flux lines decreases. 

During the second half of the revolution, illustrated in Figures | {—11(c) and 1 1—11(d), 
the loop is cutting through the magnetic field in the opposite direction, so the voltage pro- 
duced has a polarity opposite to that produced during the first half of the revolution. After 
one complete revolution of the loop, one full cycle of the sinusoidal voltage has been pro- 
duced. As the wire loop continues to rotate, repetitive cycles of the sine wave are generated. 


Frequency You have seen that one revolution of the conductor through the magnetic 
field in the basic ac generator (also called an alternator) produces one cycle of induced si- 
nusoidal voltage. It is obvious that the rate at which the conductor is rotated determines the 
time for completion of one cycle. For example, if the conductor completes 60 revolutions 
in one second (rps), the period of the resulting sine wave is 1/60 s, corresponding to a fre- 
quency of 60 Hz. Thus, the faster the conductor rotates, the higher the resulting frequency 
of the induced voltage, as illustrated in Figure 11—12. 

Another way of achieving a higher frequency is to increase the number of magnetic 
poles. In the previous discussion, two magnetic poles were used to illustrate the ac genera- 
tor principle. During one revolution, the conductor passes under a north pole and a south 
pole, thus producing one cycle of a sine wave. When four magnetic poles are used instead 
of two, as shown in Figure 1 1—13, one cycle is generated during one-half a revolution. This 
doubles the frequency for the same rate of rotation. 


(b) Second quarter-cycle (positive alternation) 


(d) Fourth quarter-cycle (negative alternation) 


. 
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Kk _* 


| 
One cycle = one revolution N \ N ve 
<_ s 
Vind | I Vind 
| | 
Fa 


1 revolution ——>! 


60 Hz 120 Hz 
» FIGURE 11-12 » FIGURE 11-13 
Frequency is directly proportional to the rate of rotation of Four poles achieve a higher frequency than two for the same rps. 


the wire loop in an ac generator. 


An expression for frequency in terms of the number of pole pairs and the number of rev- 
olutions per second (rps) is as follows: 


Equation 11-3 f = (number of pole pairs)(rps) 


A four-pole generator has a rotation speed of 100 rps. Determine the frequency of the 
output voltage. 


Ff = (number of pole pairs)(rps) = 2(100 rps) = 200 Hz 


If the frequency of the output of a four-pole generator is 60 Hz, what is the rps? 


Voltage Amplitude Recall from Faraday’s law that the voltage induced in a conductor 
depends on the number of turns (4), and the rate of change with respect to the magnetic 
field. Therefore, when the speed of rotation of the conductor is increased, not only the fre- 
quency of the induced voltage increases—so also does the amplitude, which is its maxi- 
mum value. Since the frequency value normally is fixed, the most practical method of 
increasing the amount of induced voltage is to increase the number of wire loops. 


Electronic Signal Generators 


The signal generator is an instrument that electronically produces sine waves for use in test- 
ing or controlling electronic circuits and systems. There are a variety of signal generators, 
ranging from special-purpose instruments that produce only one type of waveform in a lim- 
ited frequency range, to programmable instruments that produce a wide range of frequencies 
and a variety of waveforms. All signal generators consist basically of an oscillator, which 
is an electronic circuit that produces repetitive waves. All generators have controls for ad- 
justing the amplitude and frequency. 


Function Generators and Arbitrary Waveform Generators A function generator is 
an instrument that produces more than one type of waveform. It provides pulse waveforms 
as well as sine waves and triangular waves. A typical function generator is shown in Figure 
11-14 ¢a). 

An arbitrary waveform generator can be used to generate standard signals like sine 
waves, triangular waves, and pulses as well as signals with various shapes and characteris- 
tics. Waveforms can be defined by mathematical or graphical input. A typical arbitrary 
waveform generator is shown in Figure 11—14(b). 
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(a) Examples of function generators (b) A typical arbitrary waveform generator 


» FIGURE 11-14 
Typical signal generators. Copyright © Tektronix, Inc. Reproduced by permission. 


11-3 SINUSOIDAL VOLTAGE AND CURRENT VALUES 


Five ways to express the value of a sine wave in terms of its voltage or its current mag- 
nitude are instantaneous, peak, peak-to-peak, rms, and average values. 


After completing this section, you should be able to 
¢ Determine the various voltage and current values of a sine wave 
¢ Find the instantaneous value at any point 
¢ Find the peak value 
¢ Find the peak-to-peak value 


= 


Instantaneous Value 


Figure 11-15 illustrates that at any point in time on a sine wave, the voltage (or current) has 
an instantaneous value. This instantaneous value is different at different points along the 
curve. Instantaneous values are positive during the positive alternation and negative during 
the negative alternation. Instantaneous values of voltage and current are symbolized by 
lowercase v and i, respectively. The curve in part (a) shows voltage only, but it applies 
equally for current when the v’s are replaced with i’s. An example of instantaneous values 
is shown in part (b) where the instantaneous voltage is 3.1 V at | ps, 7.07 V at 2.5 ps, 10 V 
at 5 ys, 0 V at 10 ws, —3.1 V at 11 ps, and so on. 
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Equation 11-4 
Equation 11-5 


t (ys) 


(b) 


A FIGURE 11-15 


Instantaneous values. 


Peak Value 


The peak value of a sine wave is the value of voltage (or current) at the positive or the nega- 
tive maximum (peak) with respect to zero. Since the positive and negative peak values are 
equal in magnitude, a sine wave is characterized by a single peak value. This is illustrated in 
Figure 11—16. For a given sine wave, the peak value is constant and is represented by V, or J). 


®» FIGURE 11-16 
Peak values. 


Peak-to-Peak Value 


The peak-to-peak value of a sine wave, as shown in Figure 11—17, is the voltage or cur- 
rent from the positive peak to the negative peak. It is always twice the peak value as ex- 
pressed in the following equations. Peak-to-peak voltage or current values are represented 
by Vpp or Ipp- 


Vo, 
Typ = 2Ip 


» FIGURE 11-17 
Peak-to-peak value. 
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RMS Value 


The term rms stands for root mean square. Most ac voltmeters display rms voltage. The 110 
volts at your wall outlet is an rms value. The rms value, also referred to as the effective 
value, of a sinusoidal] voltage is actually a measure of the heating effect of the sine wave. For 
example, when a resistor is connected across an ac (sinusoidal) voltage source, as shown in 
Figure | 1—18(a), a certain amount of heat is generated by the power in the resistor. Figure 
11—18(b) shows the same resistor connected across a de voltage source. The value of the dc 
voltage can be adjusted so that the resistor gives off the same amount of heat as it does when 
connected to the ac source. 


The rms value of a sinusoidal voltage is equal to the dc voltage that produces the 
same amount of heat in a resistance as does the sinusoidal voltage. 


.| Sinusoidal voltage 
source 
~ Same amount 
f ) © of radiated 
” heat as 
R in part (a) 


» Radiated 
: heat 


de source with Vpc = Vims 


(a) (b) 


& FIGURE 11-18 
When the same amount of heat is produced in both setups, the sinusoidal voltage has an rms value 
equal to the dc voltage. 


The peak value of a sine wave can be converted to the corresponding rms value using the 
following relationships, derived in Appendix B, for either voltage or current: 


Vims = 0.707V, Equation 11-6 
Tims = 0.7071, Equation 11-7 
Using these formulas, you can also determine the peak value if you know the rms value. 
ae Ta 
Vp = 1.414Vings Equation 11-8 
Similarly, 
I, = 1414 Is Equation 11-9 
To get the peak-to-peak value, simply double the peak value. 
Vpp = 2.828Vims Equation 11-10 
and 
Inp = 2.828] es Equation 11-11 


Average Value 


The average value of a sine wave taken over one complete cycle is always zero because 
the positive values (above the zero crossing) offset the negative values (below the zero 
crossing). 
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To be useful for certain purposes such as measuring types of voltages found in power 
supplies, the average value of a sine wave is defined over a half-cycle rather than over a full 
cycle. The average value is the total area under the half-cycle curve divided by the dis- 
tance in radians of the curve along the horizontal axis. The result is derived in Appendix B 
and is expressed in terms of the peak value as follows for both voltage and current sine 


waves: 
2, 

Vave = (2)y, 

Equation 11-12 Vave = 0.637V, 
2 

Tayg = (2), 

Equation 11-13 Tayg = 0.6371, 


(O Vays = 3 V 


iV ag= 1.59 


(©) Vpp = 60V 
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11-4 ANGULAR MEASUREMENT OF A SINE WAVE 


As you have seen, sine waves can be measured along the horizontal axis on a 
time basis; however, since the time for completion of one full cycle or any por- 
tion of a cycle is frequency-dependent, it is often useful to specify points on the 
sine wave in terms of an angular measurement expressed in degrees or radians. 


After completing this section, you should be able to 


¢ Describe angular relationships of sine waves 


¢ Show how to measure a sine wave in terms of angles 


A sinusoidal voltage can be produced by an ac generator. As the windings on the rotor 
of the ac generator go through a full 360° of rotation, the resulting voltage output is one full 
cycle of a sine wave. Thus, the angular measurement of a sine wave can be related to the 
angular rotation of a generator, as shown in Figure 11—20. 


Sinusoidal voltage 


» FIGURE 11-20 
Relationship of a sine wave to the rotational motion in an ac generator. 


1 rad 


Angular Measurement JX \ 


A degree is an angular measurement corresponding to 1/360 of a circle or a complete rev- 
olution. A radian is the angular measurement along the circumference of a circle that is 
equal to the radius of the circle. One radian (rad) is equivalent to 57.3°, as illustrated in 
Figure 11—21. In a 360° revolution, there are 27r radians. 


The Greek letter zz (pi) represents the ratio of the circumference of any circle to its \ FIGURE 11-21 


diameter and has a constant value of approximately 3.1416. é 
Angular measurement showing 


Scientific calculators have a 7 function so that the actual numerical value does not have __ relationship of radian (rad) to 
to be entered. degrees (°). 
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» TABLE 11-1 


DEGREE 


Table 11-1 lists several values of degrees and the corresponding radian values. These 
angular measurements are illustrated in Figure 11—22. 


» FIGURE 11-22 90°. 7/2 rad 


Angular measurements starting at 0° 135°, 37/4 rad 
and going counterclockwise. 


45°, 77/4 rad 


0°, Orad 


180" ated 360°, 2m rad 


225°, 57/4 rad 315°, 77/4 rad 


270°, 37/2 rad 


Radian/Degree Conversion 


Degrees can be converted to radians. 


d 
Equation 11-14 rad = (== ) Xx degrees 


Similarly, radians can be converted to degrees. 


: 180° 
Equation 11-15 degrees = Xx rad 
7 rad 


Convert 77/6 rad to degrees. 


(2 )(2 a) - 


arad/\ 6 
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Sine Wave Angles 


The angular measurement of a sine wave is based on 360° or 277 rad for a complete cycle. 
A half-cycle is 180° or a rad; a quarter-cycle is 90° or 77/2 rad; and so on. Figure 11—23(a) 
shows angles in degrees for a full cycle of a sine wave; part (b) shows the same points in 


radians. 
] 
] 
I 
I 
I 
0 0 rad 
0° 90° 180° 360° 0 m2 ra 2a 
(a) Degrees (b) Radians 


» FIGURE 11-23 


Sine wave angles. 


Phase of a Sine Wave 


The phase of a sine wave is an angular measurement that specifies the position of that sine 
wave relative to a reference. Figure 11—24 shows one cycle of a sine wave to be used as the ref- 
erence. Note that the first positive-going crossing of the horizontal axis (zero crossing) is at 0° 
(0 rad), and the positive peak is at 90° (zr/2 rad). The negative-going zero crossing is at 180° 
(7 rad), and the negative peak is at 270° (37r/2 rad). The cycle is completed at 360° (27 rad). 
When the sine wave is shifted left or right with respect to this reference, there is a phase shift. 


Positive peak (90°) 


Negative-going 
zero crossing (180°) 
roe 


Positive-going 
zero crossing (0°) 


i 

180° 270° 360° 

(x) Gz12) (27) 
Negative peak (270°) 


» FIGURE 11-24 


Phase reference. 


Figure 11-25 illustrates phase shifts of a sine wave. In part (a), sine wave B is shifted to 
the right by 90° (7/2 rad) with respect to sine wave A. Thus, there is a phase angle of 90° 
between sine wave A and sine wave B. In terms of time, the positive peak of sine wave B 
occurs later than the positive peak of sine wave A because time increases to the right along 
the horizontal axis. In this case, sine wave B is said to lag sine wave A by 90° or 7/2 radi- 
ans. Stated another way, sine wave A leads sine wave B by 90°. 
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7 
a) A leads B by 90°, or B lags A by 90°. (b) B leads A by 90°. or A lags B by 90°. 
A FIGURE 11-25 
Illustration of a phase shift. 


In Figure 11—25(b), sine wave B is shown shifted left by 90° with respect to sine wave 
A. Thus, again there is a phase angle of 90° between sine wave A and sine wave B. In this 
case, the positive peak of sine wave B occurs earlier in time than that of sine wave A; there- 
fore, sine wave B is said to lead sine wave A by 90°. 


the two sine waves in parts (a) and (b) of Figure 


45°90° 135° 


(b) 


ing sine wave A. 
sing of sine wave B is at —30°, and the correspon- 
°. There is a 30° phase angle between the two 
ing sine wave A. 


ine wave is at 15° and that of the second 
gle between them? 


As a practical matter, when you measure the phase shift between two waveforms on an 
oscilloscope, you should make them appear to have the same amplitude. This is done by tak- 
ing one of the oscilloscope channels out of vertical calibration and adjusting the correspon- 
ding waveform until its apparent amplitude equals that of the other waveform. This procedure 
eliminates the error caused if both waveforms are not measured at their exact center. 
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a sine wave occurs at 0°, at what angle does 


going zero crossing 


radians. 
radians. 


11—5 THE SINE WAVE FORMULA 


A sine wave can be graphically represented by voltage or current values on the vertical 
axis and by angular measurement (degrees or radians) along the horizontal axis. This 
graph can be expressed mathematically, as you will see. 


After completing this section, you should be able to 


a 52 = ae 


e Ma ly sinus veform 


A generalized graph of one cycle of a sine wave is shown in Figure 11-28. The sine 
wave amplitude (A) is the maximum value of the voltage or current on the vertical axis; an- 
gular values run along the horizontal axis. The variable y is an instantaneous value that rep- 
resents either voltage or current at a given angle, 0. The symbol 0 is the Greek letter theta. 


< FIGURE 11-28 


One cycle of a generic sine wave 
showing amplitude and phase. 
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Equation 11-16 


Equation 11-17 


Equation 11-18 


All electrical sine waves follow a specific mathematical formula. The general expres- 
sion for the sine wave curve in Figure 11—28 is 


y = Asiné 


This formula states that any point on the sine wave, represented by an instantaneous value 
(y), is equal to the maximum value A times the sine (sin) of the angle @ at that point. For ex- 
ample, a certain voltage sine wave has a peak value of 10 V. You can calculate the instanta- 
neous voltage at a point 60° along the horizontal axis as follows, where y = vand A = V,;: 


v = V,sin @ = (10 V)sin 60° = (10 V)(0.866) = 8.66 V 


Figure 11—29 shows this particular instantaneous value of the curve. You can find the sine 
of any angle on most calculators by first entering the value of the angle and then pressing 
the sin key. Verify that your calculator is in the degree mode. 


> FIGURE 11-29 V(V) 


Illustration of the instantaneous 
value of a voltage sine wave at 
(4) = 60°. 8.66 


60° 90° 


Expressions for Phase-Shifted Sine Waves 


When a sine wave is shifted to the right of the reference (lagging) by a certain angle, 
¢ (Greek letter phi), as illustrated in Figure 11—30(a) where the reference is the vertical 
axis, the general expression is 


y = Asin(@ — ¢) 


where y represents instantaneous voltage or current, and A represents the peak value 
(amplitude). When a sine wave is shifted to the left of the reference (leading) by a certain 
angle, @, as shown in Figure 11—30(b), the general expression is 


y = Asin(O + o) 


0 


(a) y=A sin (@- ¢) (b) y=Asin(6+ g) 


4 FIGURE 11-30 


Shifted sine waves. 
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EXAMPLE 11-10 Determine the instantaneous value at the 90° reference point on the horizontal axis for 
each voltage sine wave in Figure 11-31. 


FIGURE 11-31 


Solution Sine wave A is the reference. Sine wave B is shifted left by 20° with respect to A, so it 
leads Sine wave C is shifted right by 45° with respect to A, so it lags. 


va = V,sin @ 
= (10 V)sin(90°) = (10 V)(1) = 10 V 
vp = V,sin(@ + dg) 
= (5 V)sin(90° + 20°) = (5 V)sin(110°) = (5 V)(0.9397) = 4.70 V 
vc = V,sin(@ — dc) 
= (8 V)sin(90° — 45°) = (8 V)sin(45°) = (8 V)(0.7071) = 5.66 V 
Related Problem A voltage sine wave has a peak value of 20 V. What is its instantaneous value at 65° 
from its zero crossing? 


1. Calculate the instantaneous value at 120° for the voltage sine wave in Figure 11-29. 


2. Determine the instantaneous value at 45° of a voltage sine wave that leads the refer- 

ence by 10° (V, = 10 V). 

3. Find the instantaneous value of 90° of a voltage sine wave that leads the reference by 
25° (Vp = 5 V). 


11-6 INTRODUCTION TO PHASORS 


Phasors provide a graphic means for representing quantities that have both magnitude 
and direction (angular position). Phasors are especially useful for representing sine 
waves in terms of their magnitude and phase angle and also for analysis of reactive 
circuits discussed in later chapters. 


After completing this section, you should be able to 
* Use a phasor to represent a sine wave 
¢ Define phasor 
¢ Explain how phasors are related to the sine wave formula 
¢ Draw a phasor diagram 


e Discuss angular velocity 
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90° 


180° 


270° 


(a) 


®» FIGURE 11-33 


Sine wave represented by rotational 


phasor motion. 


You may already be familiar with vectors. In math and science, a vector is any quantity 
with both magnitude and direction. Examples of vectors are force, velocity, and acceleration. 
The simplest way to describe a vector is to assign a magnitude and an angle to a quantity. 

In electronics, a phasor is a type of vector but the term generally refers to quantities that 
vary with time, such as sine waves. Examples of phasors are shown in Figure 11-32. The 
length of the phasor “arrow” represents the magnitude of a quantity. The angle, @ (relative 
to 0°), represents the angular position, as shown in part (a) for a positive angle. The specific 
phasor example in part (b) has a magnitude of 2 and a phase angle of 45°. The phasor in 
part (c) has a magnitude of 3 and a phase angle of 180°. The phasor in part (d) has a mag- 
nitude of 1 and a phase angle of —45° (or +315°). Notice that positive angles are measured 
counterclockwise (CCW) from the reference (0°) and negative angles are measured clock- 
wise (CW) from the reference. 


90° 


180° 


270° 270° 270° 
(b) (c) (d) 


A FIGURE 11-32 


Examples of phasors. 


Phasor Representation of a Sine Wave 
A full cycle of a sine wave can be represented by rotation of a phasor through 360 degrees. 


The instantaneous value of the sine wave at any point is equal to the vertical dis- 
tance from the tip of the phasor to the horizontal axis. 


Figure 11-33 shows how the phasor traces out the sine wave as it goes from 0° to 360°. You 
can relate this concept to the rotation in an ac generator. Notice that the length of the phasor 
1s equal to the peak value of the sine wave (observe the 90° and the 270° points). The angle 
of the phasor measured from 0° is the corresponding angular point on the sine wave. 


180° 
205° 270° 315° 360° 6 


GF 452 ‘902e 135° 


Phasors and the Sine Wave Formula 


Let’s examine a phasor representation at one specific angle. Figure 11-34 shows a voltage 
phasor at an angular position of 45° and the corresponding point on the sine wave. The in- 
stantaneous value of the sine wave at this point is related to both the position and the length 
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A FIGURE 11-34 


Right triangle derivation of sine wave formula. 


of the phasor. As previously mentioned, the vertical distance from the phasor tip down to 
the horizontal axis represents the instantaneous value of the sine wave at that point. 

Notice that when a vertical line is drawn from the phasor tip down to the horizontal 
axis, a right triangle is formed, as shown shaded in Figure 11—34. The length of the pha- 
sor is the hypotenuse of the triangle, and the vertical projection is the opposite side. From 
trigonometry, 


The opposite side of a right triangle is equal to the hypotenuse times the sine of the 
angle 0. 


The length of the phasor is the peak value of the sinusoidal voltage, V,,. Thus, the opposite 
side of the triangle, which is the instantaneous value, can be expressed as 


v = V,sin@ 
Recall that this formula is the one stated earlier for calculating instantaneous sinusoidal 


voltage. A similar formula applies to a sinusoidal current. 


i = [sin 6 


Positive and Negative Phasor Angles 


The position of a phasor at any instant can be expressed as a positive angle, as you have 
seen, or as an equivalent negative angle. Positive angles are measured counterclockwise 
from 0°, Negative angles are measured clockwise from 0°. For a given positive angle 0, the 
corresponding negative angle is @ — 360°, as illustrated in Figure 1 1—35(a). In part (b), a 
specific example is shown. The angle of the phasor in this case can be expressed as +225° 
or S135": 


90° 


270° 270° 
(a) (b) 


» FIGURE 11-35 


Positive and negative phasor angles. 
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EXAMPLE 11-11 For the phasor in each part of Figure 11—36, determine the instantaneous voltage 


value. Also express each positive angle shown as an equivalent negative angle. The 


Solution 


Related Problem 


length of each phasor represents the peak value of the sinusoidal voltage. 


10 V 2 
10V 90 


¥ 30° \ 


180° 0° 0° 
10V 


270° 
(a) (b) (c) 


135%, 
10V 


(d) (e) (f 


FIGURE 11-36 


(a) v = (10 V)sin0° = (10 V)(0) = OV 
0° — 360° = —360° 

(b) v = (10 V)sin 30° = (10 V)(0.5) = 5V 
30° — 360° = —330° 

(c) v = (10 V)sin90° = (10 V)(1) = 10V 
90° — 360° = —270° 

(d) v = (10 V)sin 135° = (10 V)(0.707) = 7.07 V 
135° — 360° = —225° 

(e) v = (10 V)sin 270° = (10 V)(-1) = —10V 
270° — 360° = —90° 

(f) v = (10 V)sin 330° = (10 V)(—0.5) = —5V 
330° — 360° = —30° 


If a phasor is at 45° and its length represents 15 V, what is the instantaneous sine wave 
value? ; 


Phasor Diagrams 


A phasor diagram can be used to show the relative relationship of two or more sine waves of 
the same frequency. A phasor in a fixed position is used to represent a complete sine wave 
because once the phase angle between two or more sine waves of the same frequency or 
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between the sine wave and a reference is established, the phase angle remains constant 
throughout the cycles. For example, the two sine waves in Figure 11—37(a) can be represented 
by a phasor diagram, as shown in part (b). As you can see, sine wave B leads sine wave A by 
30° and has less amplitude than sine wave A, as indicated by the lengths of the phasors. 


90° 


30° 4 
180° 0° 


270° 
(a) (b) 


& FIGURE 11-37 


Example of a phasor diagram representing sinusoidal waveforms. 
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Equation 11-19 


Equation 11-20 


Equation 11-21 


Angular Velocity of a Phasor 


As you have seen, one cycle of a sine wave is traced out when a phasor is rotated through 
360 degrees or 27 radians. The faster it is rotated, the faster the sine wave cycle is traced 
out. Thus, the period and frequency are related to the velocity of rotation of the phasor. The 
velocity of rotation is called the angular velocity and is designated @ (the small Greek let- 
ter omega). 

When a phasor rotates through 27r radians, one complete cycle is traced out. Therefore, 
the time required for the phasor to go through 277 radians is the period of the sine wave. Be- 
cause the phasor rotates through 27r radians in a time equal to the period, 7, the angular ve- 
locity can be expressed as 


Qa 
ijn 
16 
Since f = 1/T, 
w = laf 


When a phasor is rotated at an angular velocity «, then wf is the angle through which the 
phasor has passed at any instant. Therefore, the following relationship can be stated: 
6 = at 


Substituting 27f for @ results in 6 = 2z7ft. With this relationship between angle and time. 
the equation for the instantaneous value of a sinusoidal voltage, v = V,sin 8, can be writ- 
ten as 


v = V,sin 27ft 


You can calculate the instantaneous value at any point in time along the sine wave curve if 
you know the frequency and peak value. The unit of 27ft is the radian so your calculator 
must be in the radian mode. 


galolace at 3 ys from the positive-going zero crossing 
Hz? 


phasor representing a sine wave with a frequency of 


of 628 rad/s. To what frequency does this cor- 
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the two sine waves in Figure 11-40. Use peak 


11—7 ANALYsis OF AC CIRCUITS 


When a time-varying ac voltage such as a sinusoidal voltage is applied to a circuit, the 
circuit laws and power formulas that you studied earlier still apply. Ohm’s law, Kirch- 
hoff’s laws, and the power formulas apply to ac circuits in the same way that they 
apply to de circuits. 


After completing this secti 


u should be able 


oo: nn Pees 


to 
ms 


If a sinusoidal voltage is applied across a resistor as shown in Figure 11-41, there is a 
sinusoidal current. The current is zero when the voltage is zero and is maximum when the 
voltage is maximum. When the voltage changes polarity, the current reverses direction. As 
a result, the voltage and current are said to be in phase with each other. 


Sine wave generator <@ FIGURE 11-41 


A sinusoidal voltage produces a 
sinusoidal current. 
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When you use Ohm’s law in ac circuits, remember that both the voltage and the current 
must be expressed consistently, that is, both as peak values, both as rms values, both as av- 
erage values, and so on. Kirchhoff’s voltage and current laws apply to ac circuits as well as 
to de circuits. Figure 11—42 illustrates Kirchhoff’s voltage law in a resistive circuit that has 
a sinusoidal voltage source. The source voltage is the sum of all the voltage drops across 
the resistors, just as in a de circuit. 


A FIGURE 11-42 
Ilustration of Kirchhoff’s voltage law in an ac circuit. 


Power in resistive ac circuits is determined the same as for dc circuits except that you 
must use rms values of current and voltage. Recall that the rms value of a sine wave volt- 
age is equivalent to a dc voltage of the same value in terms of its heating effect. The gen- 
eral power formulas are restated for a resistive ac circuit as 


P = Vims/ms 
p — Vims 

R 
P= Tout 


resistor and the rms current in Figure 11-43. 
Jue. Also determine the total power. 


Related Problem 


= 


ANALYSIS OF AC Circuits 


The rms voltage drop across each resistor is 


Vices) = Jems = (70.5 mA)(1.0kQ) = 70.5 V 


The total power is 
ee — (105 mA)-(1.56k) = 7.75 W 


Repeat this example for a source voltage of 10 V peak. 


Use Multisim file El 1-14 to verify the calculated results in this example and to con- 
firm your calculations for the related problem. 


433 


EXAMPLE 11-15 


FIGURE 11-44 


Solution 


Related Problem 


All values in Figure 11—44 are given in rms. 

(a) Find the unknown peak voltage drop in Figure 11—44(a) 
(b) Find the total rms current in Figure 1 1—44(b). 

(c) Find the total power in Figure 1 1—44(b) if Ving = 24 V. 


R 


: » «@ 
24V & 8V Ss 10mA <&— RR; 3mA Rz 
(b) 


(a) 


(a) Use Kirchhoff’s voltage law to find V3. 
V, = Vi + V2 + V3 
Via sore) — “iam — Voums) = 24V — 12V—-8V=4V 
Convert rms to peak. 
V3qp) = 1.414 V3¢ms) = 1.414(4 V) = 5.66 V 
(b) Use Kirchhoff’s current law to find J,,,- 
Fioems) — Aigms) + Foams) = 1OmA + 3mA = 13mA 
(C) Pio = Vimslims = (24 V)U3 mA) = 312 mW 


A series circuit has the following voltage drops: Vi¢rms) = 3.50 V, Vap) = 4.25 V, 
V3avg) = 1.70 V. Determine the peak-to-peak source voltage. 


. What is the peak current in the circuit? 


f the source voltage? 


> with a half-cycle average value of 12.5 V is applied to a circuit with 


ps in a Series resistive circuit are 6.2 V, 11.3 V, and 7.8 V. What is 
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11-8 SUPERIMPOSED DC anpb AC VOLTAGES 


In many practical circuits, you will find both de and ac voltages combined. An exam- 
ple of this is in amplifier circuits where ac signal voltages are superimposed on de op- 
erating voltages. This is a common application of the superposition theorem studied in 
Chapter 8. 


After completing this section, you should be able to 


+ Determine total voltages that have both ac and de components 


Figure 11-45 shows a dc source and an ac source in series. These two voltages will add 
algebraically to produce an ac voltage “riding” on a dc level, as measured across the 
resistor. 


» FIGURE 11-45 
Superimposed dc and ac voltages. 


If Vpc is greater than the peak value of the sinusoidal voltage, the combined voltage is 
a sine wave that never reverses polarity and is therefore nonalternating. That is, the sine 
wave is riding on a dc level, as shown in Figure 11-46(a). If Vpc is less than the peak value 
of the sine wave, the sine wave will be negative during a portion of its lower half-cycle, as 
illustrated in Figure 11—46(b), and is therefore alternating. Jn either case, the sine wave will 
reach a maximum voltage equal to Vpc + V,, and it will reach a minimum voltage equal 
to Voc a We 


(a) Voc > V,. The sine wave never goes negative. (b) Vpc < ¥,. The sine wave reverses polarity 
during a portion of its cycle, as indicated by 
the gray area. 


» FIGURE 11-46 


Sine waves with dc levels. 
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EXAMPLE 11-16 Determine the maximum and minimum voltage across the resistor in each circuit of 
Figure 11-47. 


V,=10V 


+ 
Vpc = 12V 7 


(a) (b) 


FIGURE 11-47 


Solution Jn Figure 11-47(a), the maximum voltage across R is 
Veoaeetee t Vy, — 12V + 10V = 22V 
The minimum voltage across R is 
Vea pe = Vp 12V—10V-2V 


Therefore, Vpcroy) is a Nonalternating sine wave that varies from +22 V to +2 V, as 
shown in Figure 1 1—48(a). 
In Figure 11-47(b), the maximum voltage across R is 


eo v, —OV + 10V = 16V 
The minimum voltage across R is 
Vinin = Voc i? V, = —-4V 


Therefore, Vp.) is an alternating sine wave that varies from +16 V to —4 V, as 
shown in Figure 11—48(b). 


FIGURE 11-48 


Related Problem Explain why the waveform in Figure 11—48(a) is nonalternating but the waveform in 
part (b) is considered to be alternating. 


Use Multisim files E11-16A and E11-16B to verify the calculated results in this 
example. 
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value of the resulting total voltage when a sine wave 
dc voltage of +2.5 V? 


fe in Question 1 alternate polarity? 
ion 1 is —2.5 V, what is the maximum positive value of the 


11-9 NONSINUSOIDAL WAVEFORMS 


® FIGURE 11-49 
Ideal pulses. 


Sine waves are important in electronics, but they are by no means the only type of ac 
or time-varying waveform. Two other major types of waveforms are the pulse wave- 
form and the triangular waveform. 


After completing this section, you should be able to 


¢ Identify the characteristics of basic nonsinusoidal waveforms 


Pulse Waveforms 


Basically, a pulse can be described as a very rapid transition (leading edge) from one volt- 
age or current level (baseline) to an amplitude level, and then, after an interval of time, a 
very rapid transition (trailing edge) back to the original baseline level. The transitions in 
level are also called steps. An ideal pulse consists of two opposite-going steps of equal am- 
plitude. When the leading or trailing edge is positive-going, it is called a rising edge. When 
the leading or trailing edge is negative-going, it is called a falling edge. 

Figure | 1-49(a) shows an ideal positive-going pulse consisting of two equal but oppo- 
site instantaneous steps separated by an interval of time called the pulse width. Part (b) of 
Figure | 1-49 shows an ideal negative-going pulse. The height of the pulse measured from 
the baseline is its voltage (or current) amplitude. 


Leading (rising) edge Leading (falling) edge 
Trailing (falling) edge Trailing (rising) edge 
¥ i F \ Baseline 
Amplitude Amplitude 
at Baseline 4 
}<-Pulse->| |+Pulse->] 
width width 
(a) Positive-going pulse (b) Negative-going pulse 


In many applications, analysis is simplified by treating all pulses as ideal (composed 
of instantaneous steps and perfectly rectangular in shape). Actual pulses, however, are 
never ideal. All pulses possess certain characteristics that cause them to be different from 
the ideal. 


NONSINUSOIDAL WAVEFORMS 


In practice, pulses cannot change from one level to another instantaneously. Time is al- 
ways required for a transition (step), as illustrated in Figure 1 1—5O(a). As you can see, there 
is an interval of time during the rising edge in which the pulse is going from its lower value 
to its higher value. This interval is called the rise time, 1,. 


Rise time is the time required for the pulse to go from 10% of its amplitude to 90% 
of its amplitude. 


The interval of time during the falling edge in which the pulse is going from its higher 
value to its lower value is called the fall time, t,. 


Fall time is the time required for the pulse to go from 90% of its amplitude to 10% 
of its amplitude. 


Pulse width, ty, also requires a precise definition for the nonideal pulse because the ris- 
ing and falling edges are not vertical. 


Pulse width is the time between the point on the rising edge, where the value is 50% 
of amplitude, to the point on the falling edge, where the value is 50% of amplitude. 


Pulse width is shown in Figure 11—S0(b). 


(a) Rise and fall times (b) Pulse width 


» FIGURE 11-50 
Nonideal pulse. 


Repetitive Pulses Any waveform that repeats itself at fixed intervals is periodic. Some 
examples of periodic pulse waveforms are shown in Figure 11—51. Notice that, in each 
case, the pulses repeat at regular intervals. The rate at which the pulses repeat is the pulse 
repetition frequency, which is the fundamental frequency of the waveform. The frequency 
can be expressed in hertz or in pulses per second. The time from one pulse to the corre- 
sponding point on the next pulse is the period, 7: The relationship between frequency and 
period is the same as with the sine wave, f = 1/T. 


(c) 


» FIGURE 11-51 


Repetitive pulse waveforms. 
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Equation 11-22 


Equation 11-23 


An important characteristic of repetitive pulse waveforms is the duty cycle. 


The duty cycle is the ratio of the pulse width (ty) to the period (7) and is usually 
expressed as a percentage. 


t 
percent duty cycle = (%) 100% 


d duty cycle for the pulse waveform in 


as a frequency of 200 kHz and a pulse width of 0.25 ps. 


Square Waves A square wave is a pulse waveform with a duty cycle of 50%. 
Thus, the pulse width is equal to one-half of the period. A square wave is shown in 
Figure 11-53. 


lvrl wr 


4 FIGURE 11-53 
Square wave. 


The Average Value of a Pulse Waveform The average value (V,y,) of a pulse waveform 
is equal to its baseline value plus its duty cycle times its amplitude. The lower level of a 
positive-going waveform or the upper level of a negative-going waveform is taken as the 
baseline. The formula is as follows: 

Vavg = baseline + (duty cycle)(amplitude) 


The following example illustrates the calculation of the average value. 
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EXAMPLE 11-18 Determine the average value of each of the waveforms in Figure 11-54. 


FIGURE 11-54 


Solution In Figure 11—54(a), the baseline is at 0 V, the amplitude is 2 V, and the duty cycle is 
10%. The average value is 


Vive = baseline + (duty cycle)(amplitude) 
= OV + (0.1)(2 V) = 0.2V 
The waveform in Figure 11—54(b) has a baseline of +1 V, an amplitude of 5 V, and 
a duty cycle of 50%. The average value is 


Vayg = baseline + (duty cycle)(amplitude) 
1V + (0.5)(5V) =1V+25V =35V 


Figure 11—54(c) shows a square wave with a baseline of —1 V and an amplitude of 
2 V. The average value is 


Vaye = baseline + (duty cycle)(amplitude) 
=-1V+ (05\(2V)=-1V+1V=0V 


This is an alternating square wave, and, as with an alternating sine wave, it has an 
average of zero. 


Related Problem If the baseline of the waveform in Figure 11—54(a) is shifted to 1 V, what is the aver- 
age value? 


Triangular and Sawtooth Waveforms 


Triangular and sawtooth waveforms are formed by voltage or current ramps. A ramp is a 
linear increase or decrease in the voltage or current. Figure 1 1-55 shows both positive- and 
negative-going ramps. In part (a), the ramp has a positive slope; in part (b), the ramp has a 
negative slope. The slope of a voltage ramp is + V/t and is expressed in units of V/s. The 
slope of a current ramp is + J/f and is expressed in units of A/s. 
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(a) Positive ramp (b) Negative ramp 


» FIGURE 11-55 


Ramps. 


pe ‘ramps in Figure 11-56? 


V(V) 


t 
mo" 


eases from 0 V to +10Vin5ms. Thus, V= 10 V 


10V 
5 ms 
lecreases from +5 V to 0 V in 100 ms. Thus, 


= 2 V/ms 


Triangular Waveforms Figure | 1-57 shows that a triangular waveform is composed of 
positive-going and negative-going ramps having equal slopes. The period of this waveform 


» FIGURE 11-57 Vv 


Alternating triangular waveform with |«+—_—- ; —-—.-»| 
a zero average value. 
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is measured from one peak to the next corresponding peak, as illustrated. This particular tri- 
angular waveform is alternating and has an average value of zero. 

Figure 11-58 depicts a triangular waveform with a nonzero average value. The fre- 
quency for triangular waves is determined in the same way as for sine waves, that is, 


f= Wr. 


» FIGURE 11-58 


Nonalternating triangular waveform 
with a nonzero average value. 


Sawtooth Waveforms The sawtooth waveform is actually a special case of the trian- 
gular wave consisting of two ramps, one of much longer duration than the other. Sawtooth 
waveforms are used in many electronic systems. For example, the electron beam that 
sweeps across the screen of your TV receiver, creating the picture, is controlled by saw- 
tooth voltages and currents. One sawtooth wave produces the horizontal beam movement, 
and the other produces the vertical beam movement. A sawtooth voltage is sometimes 


called a sweep voltage. 
Figure 11-59 is an example of a sawtooth wave. Notice that it consists of a positive- 


going ramp of relatively long duration, followed by a negative-going ramp of relatively 
short duration. 


}<_——_7T——>| 


T——>| 


» FIGURE 11-59 
Alternating sawtooth waveform. 


Harmonics 


A repetitive nonsinusoidal waveform is composed of a fundamental frequency and har- 
monic frequencies. The fundamental frequency is the repetition rate of the waveform, 
and the harmonics are higher frequency sine waves that are multiples of the fundamental. 


Odd Harmonics Odd harmonics are frequencies that are odd multiples of the fundamen- 
ta] frequency of a waveform. For example, a 1 kHz square wave consists of a fundamental 
of 1 kHz and odd harmonics of 3 kHz, 5 kHz, 7 kHz, and so on. The 3 kHz frequency in this 
case is called the third harmonic, the 5 kHz frequency is the fifth harmonic, and so on. 


Even Harmonics Even harmonics are frequencies that are even multiples of the funda- 
mental frequency. For example, if a certain wave has a fundamental of 200 Hz, the second 
harmonic is 400 Hz, the fourth harmonic is 800 Hz, the sixth harmonic is 1200 Hz, and so 
on. These are even harmonics. 


Composite Waveform Any variation from a pure sine wave produces harmonics. A non- 
sinusoida] wave is a composite of the fundamental and the harmonics. Some types of wave- 
forms have only odd harmonics, some have only even harmonics, and some contain both. The 
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3rd harmonic 


(a) 


shape of the wave is determined by its harmonic content. Generally, only the fundamental and 
the first few harmonics are of significant importance in determining the wave shape. 

A square wave is an example of a waveform that consists of a fundamental and only odd 
harmonics. When the instantaneous values of the fundamental and each odd harmonic are 
added algebraically at each point, the resulting curve will have the shape of a square wave, 
as illustrated in Figure 11-60. In part (a) of the figure, the fundamental and the third har- 
monic produce a wave shape that begins to resemble a square wave. In part (b), the funda- 
mental, third, and fifth harmonics produce a closer resemblance. When the seventh harmonic 
is included, as in part (c), the resulting wave shape becomes even more like a square wave. As 
more harmonics are included, a periodic square wave is approached. 


Fundamental + 3rd + 5th + 7th 


ce Ideal square wave 


Pa 3rd harmonic 


5th harmonic 


(b) (c) 


» FIGURE 11-60 
Odd harmonics produce a square wave. 


parameters: 

fall time (Q) pulse width 

titive pulse waveform, the pulses occur once every millisecond. What 
this waveform? 

duty cycle, amplitude, and average value of the waveform in Figure 


of the triangular wave in Figure 11-61 (b)? 
uency of the sawtooth wave in Figure 11-61 (c)? 


t (ps) 


harmonic of a fundamental frequency of 1 kHz? 
imental frequency of a square wave having a period of 10 jus? 
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11-10 THE OSCILLOSCOPE 


The oscilloscope (scope for short) is a widely used and versatile test instrument for 
observing and measuring waveforms. 


After completing this section, you should be able to 
« Use an oscilloscope to measure waveforms 
* Recognize common oscilloscope controls 


+ Measure the amplitude of a waveform 


Measure the period and frequency of a waveform 2 7 


The oscilloscope is basically a graph-displaying device that traces a graph of a mea- 
sured electrical signal on its screen. In most applications, the graph shows how signals 
change over time. The vertical axis of the display screen represents voltage, and the hori- 
zontal axis represents time. You can measure amplitude, period, and frequency of a signal 
using an oscilloscope. Also, you can determine the pulse width, duty cycle, rise time, and 
fall time of a pulse waveform. Most scopes can display at least two signals on the screen at 
one time, enabling you to observe their time relationship. Typical oscilloscopes are shown 
in Figure 11-62. 


~~ FIGURE 11-62 

Typical oscilloscopes. Copyright © 
Tektronix. Reproduced by 
permission. 


Mn nine 


Wb - 


Two basic types of oscilloscopes, analog and digital, can be used to view digital wave- 
forms. As shown in Figure 11-63(a), the analog scope works by applying the measured 
waveform directly to control the up and down motion of the electron beam in the cathode- 
ray tube (CRT) as it sweeps across the screen. As a result, the beam traces out the waveform 
pattern on the screen. As shown in Figure 11—63(b), the digital scope converts the measured 
waveform to digital information by a sampling process in an analog-to-digital converter 
(ADC), The digital information is then used to reconstruct the waveform on the screen. 
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» FIGURE 11-63 


Comparison of analog and digital 
oscilloscopes. 


» FIGURE 11-64 


Block diagram of an analog 
oscilloscope. 


Circuit board under test 


(a) Analog (b) Digital 


The digital scope is more widely used than the analog scope. However, either type can be 
used in many applications; each has characteristics that make it more suitable for certain sit- 
uations. An analog scope displays waveforms as they occur in “real time.” Digital scopes are 
useful for measuring transient pulses that may occur randomly or only once. Also, because 
information about the measured waveform can be stored in a digital scope, it may be viewed 
at some later time, printed out, or thoroughly analyzed by a computer or other means. 


Basic Operation of Analog Oscilloscopes To measure a voltage, a probe must be con- 
nected from the scope to the point in a circuit at which the voltage is present. Generally, a 
10 probe is used that reduces (attenuates) the signal amplitude by ten. The signal goes 
through the probe into the vertical circuits where it is either further attenuated or amplified, 
depending on the actual amplitude and on where you set the vertical control of the scope. 
The vertical circuits then drive the vertical deflection plates of the CRT. Also, the signal 
goes to the trigger circuits that trigger the horizontal circuits to initiate repetitive horizon- 
tal sweeps of the electron beam across the screen using a sawtooth waveform. There are 
many sweeps per second so that the beam appears to form a solid line across the screen in 
the shape of the waveform. This basic operation is illustrated in Figure 11-64. 


—— a 
Vertical circuits 


Trigger circuits Horizontal circuits 


Circuit board under test 


Basic Operation of Digital Oscilloscopes Some parts of a digital scope are similar 
to the analog scope. However, the digital scope is more complex than an analog scope 
and typically has an LCD screen rather than a CRT. Rather than displaying a waveform 
as it occurs, the digital scope first acquires the measured analog waveform and converts 
it to a digital format using an analog-to-digital converter (ADC). The digital data is 
stored and processed. The data then goes to the reconstruction and display circuits for 
display in its original analog form. Figure 11-65 show a basic block diagram for a digi- 
tal oscilloscope. 


a” Came 


Trigger circuits ———* Horizontal circuits 


Circuit board under test 


» FIGURE 11-65 
Block diagram of a digital oscilloscope. 


Oscilloscope Controls 


A front panel view of a typical dual-channel oscilloscope is shown in Figure 11-66. In- 
struments vary depending on model and manufacturer, but most have certain common fea- 
tures. For example, the two vertical sections contain a Position control, a channel menu 
button, and a Volts/Div control. The horizontal section contains a Sec/Div control. 

Some of the main controls are now discussed. Refer to the user manual for complete de- 
tails of your particular scope. 


Vertical Controls {n the vertical section of the scope in Figure 1 1-66, there are identi- 
cal controls for each of the two channels (CH1 and CH2). The Position control lets you 
move a displayed waveform up or down vertically on the screen. The Menu button pro- 
vides for the selection of several items that appear on the screen, such as the coupling 
modes (ac, de, or ground) and coarse or fine adjustment for the Volts/Div, as indicated in 
Figure 11—67(a). The Volts/Div control adjusts the number of volts represented by each 
vertical division on the screen. The Volts/Div setting for each channel is displayed on the 
bottom of the screen. The Math Menu button provides a selection of operations that can 
be performed on the input waveforms, such as subtraction and addition of signals, as in- 
dicated in Figure 11—67(b). 


Horizontal Controls In the horizontal section, the controls apply to both channels. The 
Position control lets you move a displayed waveform left or right horizontally on the 
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HOLDOFF 
TRIGGER MENU 


HORIZONTAL 
MENU 
SET LEVEL TO 50% 


FORCE TRIGGER 
NS f/ TRIGGER VIEW | 


Chi 500mV Ch 2200mV 500ms 
EXT TRIG 


A FIGURE 11-66 


A typical dual-channe! oscilloscope. Numbers below screen indicate the values for each division on 
the vertical (voltage) and horizontal (time) scales and can be varied using the vertical and horizontal 
controls on the scope. 


CH1 
Coupliig 


Cht1V¥ Ch2 1V Cht iV Ch 2 1V 


(a) Example of channel menu selection (b) Example of math menu selection 


FIGURE 11-67 
Scope screens showing examples of menu selections. 


screen. The Menu button provides for the selection of several items that appear on the 
screen such as the main time base, expanded view of a portion of a waveform, and other pa- 
rameters. The Sec/Div control adjusts the time represented by each horizontal division or 
main time base. The Sec/Div setting is displayed at the bottom of the screen. 


Trigger Controls In the Trigger section, the Level control determines the point on the 
triggering waveform where triggering occurs to initiate the sweep to display input wave- 
forms. The Menu button provides for the selection of several items that appear on the screen 
including edge or slope triggering, trigger source, trigger mode, and other parameters, as 
shown in Figure 11-68. There is also an input for an external trigger signal. 
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<< FIGURE 11-68 


Example of the trigger menu. 


Triggering stabilizes a waveform on the screen and properly triggers on a pulse that oc- 
curs only one time or randomly. Also, it allows you to observe tyme delays between two 
waveforms. Figure 11-69 compares a triggered to an untriggered signal. The untriggered 
signal tends to drift across the screen producing what appears to be multiple waveforms. 


<4 FIGURE 11-69 


Comparison of an untriggered and 
a triggered waveform on an 
oscilloscope. 


(a) Untriggered waveform display (b) Triggered waveform display 


Coupling a Signal into the Scope Coupling is the method used to connect a signal volt- 
age to be measured into the oscilloscope. The DC and AC coupling modes are selected 
from the Vertical menu. DC coupling allows a waveform including its dc component to be 
displayed. AC coupling blocks the dc component of a signal so that you see the waveform 
centered at 0 V. The Ground mode allows you to connect the channel input to ground to see 
where the 0 V reference is on the screen. Figure 11—70 illustrates the result of DC and AC 
coupling using a sinusoidal waveform that has a dc component. 


<< FIGURE 11-70 


Displays of the same waveform 
having a dc component. 


(a) DC coupled waveform (b) AC coupled wavetorm 
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Properly compensated 


p> FIGURE 11-71 


An oscilloscope voltage probe. Copy- 
right © Tektronix, Inc. Reproduced 
by permission. 


The voltage probe, shown in Figure 11—71, is used for connecting a signal to the scope. 
Since all instruments tend to affect the circuit being measured due to loading, most scope 
probes provide a high series resistance to minimize loading effects. Probes that have a se- 
ries resistance ten times larger than the input resistance of the scope are called X10 (times 
ten) probes. Probes with no series resistance are called <1 (times one) probes. The oscillo- 
scope adjusts its calibration for the attenuation of the type of probe being used. For most 
measurements, the X10 probe should be used. However, if you are measuring very small 
signals, a X1 may be the best choice. 

The probe has an adjustment that allows you to compensate for the input capacitance of 
the scope. Most scopes have a probe compensation output that provides a calibrated square 
wave for probe compensation. Before making a measurement, you should make sure that the 
probe is properly compensated to eliminate any distortion introduced. Typically, there is a 
screw or other means of adjusting compensation on a probe. Figure 11-72 shows scope 
waveforms for three probe conditions: properly compensated, undercompensated, and over- 
compensated. If the waveform appears either over- or under-compensated, adjust the probe 
until the properly compensated square wave is achieved. 


Undercompensated Overcompensated 


A FIGURE 11-72 


Probe compensation conditions. 


eak value and period of each sine wave in Figure 11-73 from 
isplays and the settings for Volts/Div and Sec/Div, which are 
s. Sine waves are centered vertically on the screens, 


le in Figure 11—73(a), 
= 6divisions < 0.5 V/division = 3.0 V 


(one cycle covers ten divisions), 


10 divisions X 2 ms/division = 20 ms 
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Looking at the vertical scale in Figure 11—73(b), 
Vpp = 5 divisions X 50 mV/division = 250 mV 
From the horizontal scale (one cycle covers six divisions), 
T = 6divisions X 0.1 ms/division = 0.6 ms = 600 ps 
Looking at the vertical scale in Figure 11—73(c), 
V,p = 6.8 divisions X 2 V/division = 13.6 V 
From the horizontal scale (one-half cycle covers ten divisions), 
T = 20 divisions X 10 ys/division = 200 ps 
Looking at the vertical scale in Figure 11—73(d), 
Vpp = 4 divisions X 5 V/division = 20V 
From the horizontal scale (one cycle covers two divisions), 


T = 2divisions X 2 ys/division = 4 ws 


Chi 0.5V Chi 50mvV 


(c) (d) 


Determine the rms value and the frequency for each waveform displayed in Figure 11—73. 
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A Circuit Application 


As you learned in this chapter, nonsinu- 
: course. Figure 11-75 shows what a basic AM signal looks like, 
and for now that’s all you need to know. As you can see, the am- 
plitude of the sinusoidal waveform is changing. The higher radio 
: frequency (RF) signal is called the carrier; and its amplitude is 

i varied or modulated by a lower frequency signal, which is the 
audio (a tone in this case). Normally, however, the audio signal 
is a complex voice or music waveform. 


soidal waveforms contain a combina- 

tion of various harmonic frequencies. 

Each of these harmonics is a sinusoidal 
waveform with a certain frequency. Certain sinusoidal frequencies 
are audible; that is, they can be heard by the human ear. A single 
audible frequency, or pure sine wave, is called a tone and gener- 
ally falls in the frequency range from about 300 Hz to about 
15 kHz. When you hear a tone reproduced through a speaker, its 
loudness, or volume, depends on its voltage amplitude. You will 
use your knowledge of sine wave characteristics and the operation 
of an oscilloscope to measure the frequency and amplitude of sig- 
nals at various points in a basic radio receiver. 

Actual voice or music signals that are picked up by a radio 
receiver contain many harmonic frequencies with different volt- 
age values. A voice or music signal is continuously changing, so 
its harmonic content is also changing. However, if a single sinu- 
soidal frequency is transmitted and picked up by the receiver, 
you will hear a constant tone from the speaker. 

Although, at this point you do not have the background to 
study amplifiers and receiver systems in detail, you can observe 


the signals at various points in the receiver. A block diagram of a 
i difficult to determine because the time base was selected to 


typical AM receiver is shown in Figure 11-74. AM stands for 


Antenna 


— 
| aoe ~~ 6 
AM signal — Mixer —— 


I@ 
al etal 


RF amplifier IF amplifier 


Local 
oscillator 


_ FIGURE 11-74 


Detector 


amplitude modulation, a topic that will be covered in another 


; Oscilloscope Measurements 


Signals that are indicated by circled numbers at several test 
points on the receiver block diagram in Figure 11-74 are dis- 
played on the oscilloscope screen in Figure 11—76 as indicated 

:_ by the same corresponding circled numbers. In all cases, the up- 
: per waveform on the screen is channel 1 and the lower wave- 
form is channel 2. The readings on the bottom of the screen 
show readings for both channels. 


The signal at point 1 is an AM signal, but you can’t see the 


: amplitude variation because of the short time base. The wave- 
: form is spread out too much to see the modulating audio signal, 
: which causes amplitude variations; so what you see is just one 


cycle of the carrier. At point 3, the higher carrier frequency is 


= 


' /~ ©) Volume control 


® 
“.. 
Audio 
preamplifier 


Audio 
power amplifier 


© 


Simplified block diagram of a basic radio receiver. Circled numbers represent test points. 


» FIGURE 11-75 


7 Example of an amplitude modulated 
Jinan AS (AM) signal. 


The peaks follow the audio signal as indicated by dashed curve 


(a) (b) 


») FIGURE 11-76 


Circled numbers correspond to the numbered test points in Figure 11—74. 
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allow viewing of one full cycle of the modulating signal. In an 
AM receiver, this intermediate frequency is 455 kHz. In actual 
practice, the modulated carrier signal at point 3 cannot easily be 
viewed on the scope because it contains two frequencies that 
make it difficult to synchronize in order to obtain a stable pat- 
tern. Sometimes external triggering or TV field is used to obtain 
a stable display. A stable pattern is shown in this case to illus- 
trate what the modulated waveform looks like. 


@ For each waveform in Figure 11-76, except point 3, deter- 
mine the frequency and rms value. The signal at point 4 is the 
modulating tone extracted by the detector from the higher in- : 
termediate frequency (455 kHz). 


Amplifier Analysis 


@ Ail voltage amplifiers have a characteristic known as voltage 


ie 


of the output signal is greater than the amplitude of the input 
signal. Using this definition and the appropriate scope mea- 
surements, determine the gain of the audio preamplifier in 
this particular receiver. 


When an electrical signal is converted to sound by a speaker 
the loudness of the sound depends on the amplitude of the 
signal applied to the speaker. Based on this, explain how the 
volume control potentiometer is used to adjust the loudness 
(volume) of the sound and determine the rms amplitude at 
the speaker. 


i Review 
ip 
: 2. What does IF stand for? 


3. Which frequency is higher, the carrier or the audio? 


What does RF stand for? 


gain. The voltage gain is the amount by which the amplitude : 4. What is the variable in a given AM signal? 


® The sine wave is a time-varying, periodic waveform. 


® Alternating current changes direction in response to changes in the polarity of the source voltage. 
® One cycle of an alternating sine wave consists of a positive alternation and a negative alternation. 


® Two common sources of sine waves are the electromagnetic ac generator and the electronic oscil- 


lator circuit. 


® A full cycle of a sine wave is 360°, or 27 radians. A half-cycle is 180°, or 7 radian. A quarter- 
cycle is 90°, or 7/2 radians. 


® A sinusoidal voltage can be generated by a conductor rotating in a magnetic field. 


® Phase angle is the difference in degrees or radians between a given sine wave and a reference sine 


wave. 


® The angular position of a phasor represents the angle of the sine wave with respect to a 0° refer- 


ence, and the length or magnitude of a phasor represents the amplitude. 


® A pulse consists of a transition from a baseline level to an amplitude level, followed by a transi- 
tion back to the baseline level. 


® A triangle or sawtooth wave consists of positive-going and negative-going ramps. 


® Harmonic frequencies are odd or even multiples of the repetition rate of a nonsinusoidal wave- 


form. 


6 


» DEE TO CHANGE FROM 


Peak 

Peak 

Peak 

rms 
Peak-to-peak 
Average 


Conversions of sine wave values are summarized in Table 11-2. 


TO MULTIPLY BY 
rms 0.707 
Peak-to-peak 2 

Average 0.637 
Peak 1.414 
Peak 0.5 

Peak svi 
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Key terms and other bold terms in the chapter are defined in the end-of-book glossary. 


Amplitude (A) The maximum value of a voltage or current. 


Angular velocity The rotational rate of a phasor that is related to the frequency of the sine wave 
that it represents. 


Average value The average of a sine wave over one half-cycle. It is 0.637 times the peak value. 
Cycle One repetition of a periodic waveform. 
Degree The unit of angular measure corresponding to 1/360 of a complete revolution. 


Duty cycle A characteristic of a pulse waveform that indicates the percentage of time that a pulse is 
present during a cycle; the ratio of pulse width to period expressed as either a fraction or as a percentage. 


Fall time (f) The time interval required for a pulse to change from 90% to 10% of its amplitude. 


Frequency (f) A measure of the rate of change of a periodic function; the number of cycles com- 
pleted in 1 s. The unit of frequency is the hertz. 


Function generator An instrument that produces more than one type of waveform. 
Fundamental frequency The repetition rate of a waveform. 


Harmonics The frequencies contained in a composite waveform, which are integer multiples of the 
pulse repetition frequency (fundamental). 


Hertz (Hz) The unit of frequency. One hertz equals one cycle per second. 
Instantaneous value The voltage or current value of a waveform at a given instant in time. 


Oscillator An electronic circuit that produces a time-varying signal without an external input sig- 
nal using positive feedback. 


Oscilloscope A measurement instrument that displays signal waveforms on a screen. 


Peak-to-peak value The voltage or current value of a waveform measured from its minimum to its 
maximum points. 


Peak value The voltage or current value of a waveform at its maximum positive or negative points. 
Period (7) The time interval of one complete cycle of a periodic waveform. 
Periodic Characterized by a repetition at fixed-time intervals. 


Phase The relative angular displacement of a time-varying waveform in terms of its occurrence 
with respect to a reference. 


Phasor A representation of a sine wave in terms of its magnitude (amplitude) and direction (phase 
angle). 

Pulse A type of waveform that consists of two equal and opposite steps in voltage or current sepa- 
rated by a time interval. 


Pulse width (ty) For a nonideal pulse, the time between the 50% points on the leading and trailing 
edges; the time interval between the opposite steps of an ideal pulse. 


Radian A unit of angular measurement. There are 277 radians in one complete 360° revolution. 
One radian equals 57.3°. 


Ramp _ A type of waveform characterized by a linear increase or decrease in voltage or current. 
Rise time (¢,) The time interval required for a pulse to change from 10% to 90% of its amplitude. 


rms value The value of a sinusoidal voltage that indicates its heating effect, also known as the ef- 
fective value. It is equal to 0.707 times the peak value. rms stands for root mean square. 


Sine wave A type of waveform that follows a cyclic sinusoidal pattern defined by the formula 
y=Asiné. 


Waveform The pattern of variations of a voltage or current showing how the quantity changes with time. 


Frequency 


Period 


1 
T 
a 
f 
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11-3 f = (umber of pole pairs)(rps) Output frequency of a generator 
11-4 Vpp = 2V, Peak-to-peak voltage (sine wave) 
11-5 To = 2 Peak-to-peak current (sine wave) 
11-6 Vims = 9.707V, Root-mean-square voltage (sine wave) 
11-7 Tims = 9.7071, Root-mean-square current (sine wave) 
11-8 Vp = 1.414Vims Peak voltage (sine wave) 
11-9 T, = 1.4140 ms Peak current (sine wave) 
11-10) -Vpp = 2.828Vims Peak-to-peak voltage (sine wave) 
11-11 Typ = 2.8282 ms Peak to peak current (sine wave) 
11-12) Vayy = 0.637V, Half-cycle average voltage (sine wave) 
11-13) Tay = 0.6371, Half-cycle average current (sine wave) 
11-14 ra (z=) X degrees Degrees to radian conversion 
11-15 = degrees = ( ae ) Xx rad Radian to degrees conversion 

a rad 
11-16 y=Asin0 General formula for a sine wave 
11-17.  y = Asin(0 — @) Sine wave lagging the reference 
11-18 y = Asin(O + od) Sine wave leading the reference 
11-19) ww = 2af Angular velocity 
11-20 6= at Phase angle 
11-21 v = V,sin 2a7ft Sine wave voltage 


t 
11-22 __ percent duty cycle = (100% Duty cycle 


11-23 Vavg = baseline + (duty cycle)(amplitude) Average value of a pulse waveform 


Answers are at the end of the chapter. 


1. The difference between alternating current (ac) and direct current (dc) is 
(a) ac changes value and de does not 
(c) both answers (a) and (b) 


(b) ac changes direction and dc does not 
(d) neither answer (a) nor (b) 
2. During each cycle, a sine wave reaches a peak value 

(a) one time (b) two times 
(c) four times (d) anumber of times depending on the frequency 


3. A sine wave with a frequency of 12 kHz is changing at a faster rate than a sine wave with a 
frequency of 


(a) 20 kHz (b) 15,000 Hz (ce) 10,000 Hz (d) 1.25 MHz 
4. A sine wave with a period of 2 ms is changing at a faster rate than a sine wave with a period of 
(a) 1 ms (b) 0.0025 s (c) 1.5 ms (d) 1200 ms 
5. When a sine wave has a frequency of 60 Hz, in 10 s it goes through 
(b) 10 cycles (c) 1/16 cycle (d) 600 cycles 
6. If the peak value of a sine wave is 10 V, the peak-to-peak value is 
(a) 20V (b) 5V (c) 100 V 
7. If the peak value of a sine wave is 20 V, the rms value is 
(a) 14.14V (b) 6.37 V (c) 7.07 V (d) 0.707 V 
8. The average value of a 10 V peak sine wave over one complete cycle is 
(a) OV (b) 6.37 V (c) 7.07 V (d) 5V 
9. The average half-cycle value of a sine wave with a 20 V peak is 
(a) OV (b) 6.37 V (ec) 12.74V (d) 14.14V 


(a) 6 cycles 


(d) none of these 


Circuit Dynamics Quiz @ 455 


10. One sine wave has a positive-going zero crossing at 10° and another sine wave has a positive- 
going zero crossing at 45°. The phase angle between the two waveforms is 


(a) 55° (b) 35° (c) 0° (d) none of these 


11. The instantaneous value of a 15 A peak sine wave at a point 32° from its positive-going zero 
crossing is 


(a) 7.95A (b) 7.5A (c) 213A (d) 7.95 V 
12. A phasor represents 
(a) the magnitude of a quantity (b) the magnitude and direction of a quantity 
(c) the phase angle (d) the length of a quantity 
13. If the rms current through a 10 kQ resistor is 5 mA, the mms voltage drop across the resistor is 
(a) 70.7 V (b) 7.07 V (c) SV (d) 50V 


14. Two series resistors are connected to an ac source. If there are 6.5 V rms across one resistor 
and 3.2 V rms across the other, the peak source voltage is 


(a) 9.7V (b) 9.19 V (c) 13.72V (d) 4.53 V 
15. A 10 kHz pulse waveform consists of pulses that are 10 pzs wide. Its duty cycle is 
(a) 100% (b) 10% (c) 1% (d) not determinable 
16. The duty cycle of a square wave 
(a) varies with the frequency (b) varies with the pulse width 
(c) both answers (a) and (b) (d) is 50% 


er are at the end of the chapter. 


Refer to Figure 11-81. 
1. If the source voltage increases, the voltage across R3 
(a) increases (b) decreases (c) stays the same 
2. If R4 opens, the voltage across R3 
(a) increases (b) decreases (c) stays the same 
3. If the half-cycle average value of the source voltage is decreased, the rms voltage across Rz 


(a) increases (b) decreases (c) stays the same 


Refer to Figure 11-83. 
4. If the dc voltage is reduced, the average current through R;, 
(a) increases (b) decreases (c) stays the same 
5. If the dc voltage source is reversed, the rms current through R;, 


(a) increases (b) decreases (c) stays the same 


Refer to Figure 11-90. 


6. If the resistor in the upper left of the protoboard has a color code of blue, gray, brown, gold 
instead of the color bands shown, the CH2 voltage measured by the oscilloscope 


(a) increases (b) decreases (c) stays the same 


7. If the CH2 probe shown connected to the right side of the resistor is moved to the left side of 
the resistor, the amplitude of the measured voltage 


(a) increases (b) decreases (c) stays the same 
8. If the bottom lead of the right-most resistor becomes disconnected, the CH2 voltage 
(a) increases (b) decreases (c) stays the same 


9. If the wire connecting the two upper resistors becomes disconnected, altering the loading effect 
on the input signal source, the CH1 voltage 


(a) increases (b) decreases (c) stays the same 
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Refer to Figure 11-91. 

10. If the right-most resistor has a third band that is orange instead of red the CHI voltage 
(a) increases (b) decreases (c) stays the same 

11. If the resistor at the upper left opens, the CH1 voltage 
(a) increases (b) decreases (c) stays the same 

12. If the resistor at the lower left opens, the CH! voltage 


(a) increases (b) decreases (c) stays the same 


a . More difficult problems are indicated by an asterisk (‘). 
‘PROBLEMS Answers to odd-numbered problems are at the end of the book. 
SECTION 11-1 The Sinusoidal Waveform 

1, Calculate the frequency for each of the following values of period: 
(a) 1s (b) 0.25 (c) 50 ms (d) I ms (e) 500 ps (f) 10 pus 

2. Calculate the period of each of the following values of frequency: 
(a) 1 Hz (b) 60 Hz (c) 500 Hz (d) 1] kHz (e) 200 kHz (f) 5 MHz 

3. A sine wave goes through 5 cycles in 10 ps. What is its period? 


4. A sine wave has a frequency of 50 kHz. How many cycles does it complete in 10 ms? 


SECTION 11-2 Sinusoidal Voltage Sources 


5. The conductive loop on the rotor of a simple two-pole, single-phase generator rotates at a rate 
of 250 rps. What is the frequency of the induced output voltage? 


6. A certain four-pole generator has a speed of rotation of 3600 rpm. What is the frequency of the 
voltage produced by this generator? 


7. At what speed of rotation must a four-pole generator be operated to produce a 400 Hz 
sinusoidal voltage? 


SECTION 11-3 Sinusoidal Voltage and Current Values 
8. A sine wave has a peak value of 12 V. Determine the following values: 
(a) rms (b) peak-to-peak (c) average 
9. A sinusoidal current has an rms value of 5 mA. Determine the following values: 
(a) peak (b) average (c) peak-to-peak 


10. For the sine wave in Figure 11-77, determine the peak, peak-to-peak, rms, and average values. 


® FIGURE 11-77 


SECTION 11-4 Angular Measurement of a Sine Wave 
11. Convert the following angular values from degrees to radians: 
(a) 30° (b) 45° (c) 78° (d) 135° (e) 200° (f) 300° 


SECTION 11-5 


SECTION 11-6 


PROBLEMS ® 457 


12. Convert the following angular values from radians to degrees: 
(a) 7/8 rad (b) 7/3 rad (c) w/2 rad 
(d) 37/5 rad (e) 67/5 rad (f) 1.87 rad 


13. Sine wave A has a positive-going zero crossing at 30°. Sine wave B has a positive-going zero 
crossing at 45°. Determine the phase angle between the two signals. Which signal leads? 


14. One sine wave has a positive peak at 75°, and another has a positive peak at 100°. How much is 
each sine wave shifted in phase from the 0° reference? What is the phase angle between them? 


15. Make a sketch of two sine waves as follows: Sine wave A is the reference, and sine wave B lags 
A by 90°. Both have equal amplitudes. 


The Sine Wave Formula 


16. A certain sine wave has a positive-going zero crossing at 0° and an rms value of 20 V. Calcu- 
late its instantaneous value at each of the following angles: 


(a) 15° (b) 33° (c) 50° (d) 110° 
(e) 70° (f) 145° (g) 250° (h) 325° 


17. For a particular 0° reference sinusoidal current, the peak value is 100 mA. Determine the 
instantaneous value at each of the following points: 


(a) 35° (b) 7952 (c) 190° (d) 215° (e) 275° (f) 360° 


18. For a 0° reference sine wave with an rms value of 6.37 V, determine its instantaneous value at 
each of the following points: 


(a) 77/8 rad (b) 7/4 rad (c) 7/2 rad (d) 37/4 rad 
(e) 7 rad (f) 37/2rad = (g) 27 rad 

19. Sine wave A lags sine wave B by 30°. Both have peak values of 15 V. Sine wave A is the refer- 
ence with a positive-going crossing at 0°. Determine the instantaneous value of sine wave B at 
30°, 45°, 90°, 180°, 200°, and 300°. 

20. Repeat Problem 19 for the case when sine wave A leads sine wave B by 30°. 


*21. A certain sine wave has a frequency of 2.2 kHz and an rms value of 25 V. Assuming a given cy- 
cle begins (zero crossing) at 1 = Os, what is the change in voltage from 0.12 ms to 0.2 ms? 


Introduction to Phasors 


22. Draw a phasor diagram to represent the sine waves in Figure 11-78 with respect to a 0° 
reference. 


» FIGURE 11-78 V(V) 


45° 90° 


23. Draw the sine waves represented by the phasor diagram in Figure 11-79. The phasor lengths 
represent peak values. 


® FIGURE 11-79 
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24. Determine the frequency for each angular velocity: 
(a) 60 rad/s (b) 360 rad/s (c) 2 rad/s (d) 1256 rad/s 


25. Determine the value of sine wave A in Figure 11—78 at each of the following times, measured 
from the positive-going zero crossing. Assume the frequency is 5 kHz. 


(a) 30 ps (b) 75 ps (c) 125 ps 


SECTION 11-7 Analysis of AC Circuits 
26. A sinusoidal voltage is applied to the resistive circuit in Figure 11-80. Determine the following: 
(a) Tims (b) Lavy (©) I, (a) I, (e) iat the positive peak 


<wt 


1.0kO 


A FIGURE 11-80 


27. Find the half-cycle average values of the voltages across R; and R> in Figure 11-81. All values 
shown are rms. 


» FIGURE 11-81 


28. Determine the rms voltage across R3 in Figure 11-82. 


Ry 
1.0k0 R, 
WW AW 
=e 16V a 5V at | 
30V (peak-to-peak) (mms) 
(peak) 
R, 
560 0. 


» FIGURE 11-82 


SECTION 11-8 Superimposed DC and AC Voltages 


29. A sine wave with an rms value of 10 6 V is riding on a dc level of 24 V What are the maximum 
and minimum values of the resulting waveform? 


30. How much dc voltage must be added to a 3 V rms sine wave in order to make the resulting 
voltage nonalternating (no negative values)? 
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31. A 6V peak sine wave is riding on a dc voltage of 8 V. If the dc voltage is lowered to 5 V, how 


far negative will the sine wave go? 
*32. Figure | 1-83 shows a sinusoidal voltage source in series with a dc source. Effectively, the two 


voltages are superimposed. Determine the power dissipation in the load resistor. 


» FIGURE 11-83 


SECTION 11-9 Nonsinusoidal Waveforms 
33. From the graph in Figure 11-84, determine the approximate values of f,, ty, fw, and amplitude. 


t (ms) 


O23 4S 6 7 8 9 10 1 2s Ss en 1 


» FIGURE 11-84 


34. The repetition frequency of a pulse waveform is 2 kHz, and the pulse width is 1 zs. What is the 


percent duty cycle? 
35. Calculate the average value of the pulse waveform in Figure 11-85 


; s || . || em | _ 


a |e | 
6 7 8 39) 102 13 14 1S 16 


> t (us) 


» FIGURE 11-85 
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36. Determine the duty cycle for each waveform in Figure 11-86. 
37. Find the average value of each pulse waveform in Figure 11-86. 


38. What is the frequency of each waveform in Figure 11-86? 


V(V) v(V) 


>» t(ms) 


A eis 
soi “"? 


0 10 20 30 40 S50 60 70 


(a) (b) 


» FIGURE 11-86 


39. What is the frequency of each sawtooth waveform in Figure 11-87? 


4 


t (ms) 


° a 10 Ee 30 [40,7 ac 100 200 


(a) (b) 


» FIGURE 11-87 


*40. A nonsinusoidal waveform called a stairstep is shown in Figure [ 1-88. Determine its average 
value. 


= > 1 (ms) 


» FIGURE 11-88 


41. A square wave has a period of 40 ys. List the first six odd harmonics 
42. What is the fundamental frequency of the square wave mentioned in Problem 41? 
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SECTION 11-10 The Oscilloscope 


43. Determine the peak value and the period of the sine wave displayed on the scope screen in 
Figure 11-89. 


» FIGURE 11-89 


*44. Based on the instrument settings and an examination of the scope display and the protoboard in 
Figure 11—90, determine the frequency and peak value of the input signal and output signal. 
The waveform shown is channel 1. Draw the channel 2 waveform as it would appear on the 
scope with the indicated settings. 
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A FIGURE 11-90 
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*45. Examine the protoboard and the oscilloscope display in Figure 11-91 and determine the peak 
value and the frequency of the unknown input signal. 
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» FIGURE 11-91 


"9 Multisim Troubleshooting and Analysis 

These problems require your Multisim CD-ROM. 
46. Open file P11-46 and measure the peak and rms voltage across each of the resistors. 
47. Open file P1 1-47 and measure the peak and rms voltage across each of the resistors. 
48. Open file P1 1-48. Determine if there is a fault and, if so, identify the fault. 
49. Open file P11-49 and measure the rms current in each branch of the circuit. 
50. Open file P11-50. Determine if there is a fault and, if so, identify the fault. 
51. Open file P11-51 and measure the total voltage across the resistor using the oscilloscope. 


52. Open file P11-52 and measure the total voltage across the resistor using the oscilloscope. 
SECTION REVIEWS 
SECTION 11-1 The Sinusoidal Waveform 


1. One cycle of a sine wave is from the zero crossing through a positive peak, then through zero 
to a negative peak and back to the zero crossing. 
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2. A sine wave changes polarity at the zero crossings. 
3. A sine wave has two maximum points (peaks) per cycle. 


4. The period is from one zero crossing to the next corresponding zero crossing, or from one peak 
to the next corresponding peak. 


mn 


. Frequency is the number of cycles completed in one second; the unit of frequency is the hertz. 
f = WT = 200 kHz 
T = lf = 8.33 ms 


aS 


SECTION 11-2 Sinusoidal Voltage Sources 
1. Sine waves are generated by electromagnetic and electronic methods. 
2. Speed and frequency are directly proportional. 
3. An oscillator is an electronic circuit that produces repetitive waveforms. 


SECTION 11-3 Sinusoidal Voltage and Current Values 
1. (a) Vp,» = 20 V)=2V — (b) Vp = 2(1.414)(1.414 V) = 4V 
(C) Vp = 2(1.57)(3 V) = 9.42V 
2. (a) Vems = (0.707)(2.5 V) = 1.77 V (b) Vims = (0.5)(0.707)(10 V) = 3.54 V 
(c) Vims = (0.707)(1.57)(1.5 V) = 1.66 V 
3. (a) Vavg = (0.637)(10 V) = 6.37V (b) Vayg = (0.637)(1.414)(2.3 V) = 2.07 V 
(C) Vavg = (0.637)(0.5)(60 V) = 19.1 V 


SECTION 11-4 Angular Measurement of a Sine Wave 
1. (a) Positive peak at 90° (b) Negative-going zero crossing at 180° 
(c) Negative peak at 270° (d) End of cycle at 360° 
2. Half-cycle: 180°; a 
3. Full cycle: 360°; 2a 
4. 90° — 45° = 45° 


SECTION 11-5 The Sine Wave Formula 
1. v = (10 V)sin(120°) = 8.66 V 
2. v = (10 V)sin(45° + 10°) = 8.19V 
3. v = (5 V)sin(90° — 25°) = 4.53 V 


SECTION 11-6 Introduction to Phasors 
1. A graphic representation of the magnitude and angular position of a time-varying quantity 
2. 9425 rad/s 
3. 100 Hz 
4. See Figure 11-92. 


» FIGURE 11-92 


SECTION 11-7 Analysis of AC Circuits 
1. J, = V,/R = (1.57)012.5 V)/330 O = 59.5mA 
2 Vege = O70N053 V) = 179'V 


SECTION 11-8 Superimposed DC and AC Voltages 
1. Vig = OV POS = 759 
2. Yes, it will alternate. 
3. +Vmar =5V—-25V=2.5V 
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SECTION 11-9 Nonsinusoidal Waveforms 


1. (a) Rise time is the time interval from 10% to 90% of the rising pulse edge; 


(b) Fall time is the time interval from 90% to 10% of the falling pulse edge; 


(c) Pulse width is the time interval from 50% of the leading pulse edge to 50% of the trailing 


pulse edge. 


2. f = \/ims = 1 kHz 
3. dc. = (1/5)100% = 20%; Ampl. 1.5 V; Vayg = 0.5 V + 0.2(1.5V) = 0.8 V 
4. T= 16ms 


wn 


f= WT = Vips = 1MHz 


6. Fundamental frequency is the repetition rate of the waveform. 
7. 2nd harm.: 2 kHz 
8. f= 110 ps = 100kHz 


SECTION 11-10 The Oscilloscope 
1. Analog : Signal drives display directly. 
Digital : Signal is converted to digital for processing and then reconstructed for display. 


2. Voltage is measured vertically; time is measured horizontally. 


3. The Volts/Div control adjusts the voltage scale 


4. The Sec/Div control adjusts the time scale. 


5. Always, unless you are trying to measure a very small, low-frequency signal. 


A Circuit Application 


1. RF is radio frequency. 


2. IF is intermediate frequency. 


3. Carrier frequency is higher than audio. 


4. The amplitude varies in an AM signal. 


RELATED PROBLEMS FOR EXAMPLES 


11-1 
11-2 
11-3 
114 
11-5 
11-6 
11-7 
11-8 
11-9 
11-10 
11-11 
11-12 
11-13 
11-14 
11-15 
11-16 


11-17 
11-18 
11-19 


24s 

1.5 ms 

20 kHz 

200 Hz 

66.7 kHz 

30 rps 

Vpp = 50 V3 Ves = 17-7 V3 Vayg = 15.9'V 
(a) 7/12 rad (b) 112.5° 

8° 

18.1V 

10.6 V 

5 V at —85° 

34.2V 

Tims = 4.53 MA; Vigms) = 4.53 V3 Vaams) = 2.54 V3 Pror = 32-0 mW 
2S N. 


The waveform in part (a) never goes negative The waveform in part (b) goes negative for a 
portion of its cycle. 


5% 
MeV 
120V 
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11-20 Part (a) 1.06 V, 50 Hz; 
part (b) 88.4 mV, 1.67 kHz 
part (c) 4.81 V, 5 kHz; 
part (d) 7.07 V, 250 kHz 


SELF-TEST 
1. (b) 2) 3. 4. (b) 5. (d) 6. (a) 7. (a) 8. (a) 
9(¢) 06 U@ 2b B® Wo 15.0%) 16 


CIRCUIT DYNAMICS QUIZ 
l(a) 2 3.0) 4. (b) 5. (c) 6. (b) 
7. (a) 8. (a) 9. (a) 10. (a) 11. (b) 12. (a) 
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A CIRCUIT APPLICATION PREVIEW 


12-1 The Basic Capacitor In the circuit application, you will see how a capacitor is 


12-2 Types of Capacitors used to couple signal voltages to and from an amplifier. 
12-3 Series Capacitors You will also troubleshoot the amplifier using oscilloscope 
12-4 Parallel Capacitors wets, 
‘42-5 Capacitors in DC Circuits VISIT THE COMPANION WEBSITE " — - 
12-6 Capacitors in AC Circuits en . 
12-7 Capacitor Applications Study aids for this chapter are available at 
12-8  Switched-Capacitor Circuits http://www. prenhall.com/floyd . s 
A Circuit Applicatity 
INTRODUCTION = = 
In previous chapters, the resistor has been the only passive > 
Describe the basic construction and characteristics of a capacitor pec a Pore yge thatyay ay Ng pg Capeiiors ae . 
inductors are other types of basic passive electrical compo- . 
Discuss various types of capacitors nents. You will study inductors in Chapter 13. we 
Analyze series capacitors In this chapter, you will learn about the capacitor and 4 
Analyze parallel capacitors its characteristics. The physical construction and electrical 
a ee properties are examined, and the effects of connecting “ 
Analyze capacitive dc switching circuits ; : : F A 
capacitors in series and in parallel are analyzed. How a ' 
® Analyze capacitive ac circuits capacitor works in both dc and ac circuits is an important >: 
Discuss some capacitor applications part of this coverage and forms the basis for the study of _ 
Describe the operation of switched-capacitor circuits reactive circuits in terms of both frequency response and 3 
time response. | 
The capacitor is an electrical device that can store electri- 
cal charge, thereby creating an electric field that, in turn, * 
Capacitor Instantaneous power stores energy. The measure of the energy-storing ability of a ii: 
® Dielectric © True power Capacitor is its capacitance. When a sinusoidal signal is ap- : 
‘ plied to a capacitor, it reacts in a certain way and produces ™ 
Farad (F) on oer an opposition to current, which depends on the frequency ° 
® Coulomb's law @ VAR (volt-ampere of the applied signal. This opposition to current is called 2 
RC time constant reactive) capacitive reactance. 


¢ 


» ® Capacitive reactance Ripple voltage 
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12-1 THE BAsic CAPACITOR 


A capacitor is a passive electrical component that stores electrical charge and has the 
property of capacitance. 


After completing this section, you should be able to 
¢ Describe the basic construction and characteristics of a capacitor 
¢ Explain how a capacitor stores charge 
¢ Define capacitance and state its unit 
¢ State Coulomb’s law 


¢ Explain how a capacitor stores energy 


¢ Discuss voltage rating and temperature 


Basic Construction 


In its simplest form, a capacitor is an electrical device that stores electrical charge and is 
constructed of two parallel conductive plates separated by an insulating material called the 
dielectric. Connecting leads are attached to the parallel plates. A basic capacitor is shown 
in Figure 12—1(a), and a schematic symbol is shown in part (b). 


Dielectric 


Connecting leads 


Cc 


Conductive plates 


(a) Construction (b) Symbol 


» FIGURE 12-1 
Capacitors are 


capable of storing 
electrical charge for a 
long time after power 
has been turned off 
in a circuit. Be careful 
when touching or handling 
Capacitors in or out of a circuit. If 
you touch the leads, you may be in 
for a shock as the capacitor 
discharges through you! It is 
usually good practice to discharge a 
capacitor using a shorting tool with 


The basic capacitor. 


How a Capacitor Stores Charge 


In the neutral state, both plates of a capacitor have an equal number of free electrons, as indi- 
cated in Figure 12—2(a). When the capacitor is connected to a voltage source through a resis- 
tor, as shown in part (b), electrons (negative charge) are removed from plate A, and an equal 
number are deposited on plate B. As plate A loses electrons and plate B gains electrons, plate 
A becomes positive with respect to plate B. During this charging process, electrons flow only 
through the connecting leads. No electrons flow through the dielectric of the capacitor 
because it is an msulator. The movement of electrons ceases when the voltage across the 
capacitor equals the source voltage, as indicated in Figure 12—2(c). If the capacitor is discon- 
nected from the source, it retains the stored charge for a long period of time (the length of : ; 
: : : Sie an insulated grip of some sort 

time depends on the type of capacitor) and still has the voltage across it, as shown in Figure : : 

: before handling the capacitor. 
12-2(d). A charged capacitor can act as a temporary battery. lemme — 
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Dielectric 
Leads 
Ls ~<—— Plates 
@ Electrons 
A B 
(a) Neutral (uncharged) capacitor (b) Electrons flow from plate A to plate B as the capacitor 
(same charge on both plates) charges when connected to a voltage source. 


+ Vy - 
A B 
(c) After the capacitor charges to Vs, no electrons flow (d) Ideally, the capacitor retains charge when 
while connected to the voltage source. disconnected from the voltage source. 


& FIGURE 12-2 
Illustration of a capacitor storing charge. 


Capacitance 


The amount of charge that a capacitor can store per unit of voltage across its plates is its ca- 
pacitance, designated C. That is, capacitance is a measure of a capacitor’s ability to store 
charge. The more charge per unit of voltage that a capacitor can store, the greater its ca- 
pacitance, as expressed by the following formula: 


Equation 12-1 C= 


where C is capacitance, Q is charge, and V is voltage. 
By rearranging the terms in Equation 12-1, you can obtain two other formulas. 


Equation 12-2 QO=CV 
Equation 12-3 a £ 


The Unit of Capacitance The farad (F) is the basic unit of capacitance. Recall that the 
coulomb (C) is the unit of electrical charge. 


One farad is the amount of capacitance when one coulomb (C) of charge is stored 
with one volt across the plates. 


Most capacitors that are used in electronics work have capacitance values that are 
specified in microfarads (uF) and picofarads (pF). A microfarad is one-millionth of a 
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farad (1 wF = 1 X 10°F), and a picofarad is one-trillionth of a farad (I pF = 1 X 
ig? F). Conversions for farads, microfarads, and picofarads are given in Table 12-1. 


TO CONVERT FROM TO MOVE THE DECIMAL POINT ipste wet 
Farads Microfarads 6 places to right (x 10°) 

Farads Picofarads 12 places to right (x 10!) 

Microfarads Farads 6 places to left (x 10°) 

Microfarads Picofarads 6 places to right (x 10°) 

Picofarads Farads 12 places to left (x 107!) 

Picofarads Microfarads 6 places to left (x 107) 
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EXAMPLE 12-1 (a) A certain capacitor stores 50 microcoulombs (50 wC) with 10 V across its plates. 
What is its capacitance in units of microfarads? 


(b) A 2.2 nF capacitor has 100 V across its plates. How much charge does it store? 


(c) Determine the voltage across a 1000 pF capacitor that is storing 20 micro- 
coulombs (20 C) of charge. 


a Q ae 50 uC 4 
Solution (a) C= iv 5 pF 
(b) Q = CV = (2.2 wF)(100 V) = 220 pC 
BEG 20 pC 
(ony — C 1000pF~ 20kV 


Related Problem Determine Vif C = 1000 pF and Q = 100 uC. 


*Answers are at the end of the chapter. 


EXAMPLE 12-2 Convert the following values to microfarads: 
(a) 0.00001 F (b) 0.0047 F (c) 1000 pF (d) 220 pF 


Solution (a) 0.00001 F < 10° wF/F = 10 pF (b) 0.0047 F x 10° wF/F = 4700 uF 
(c) 1000 pF X 10°°uF/pF = 0.001 pF (d) 220pF x 10 © uF/pF = 0.00022 uF 


Related Problem Convert 47,000 pF to microfarads. 


EXAMPLE 12-3 Convert the following values to picofarads: 
(a) 0.1 x 10°F (b) 0.000022F) =—s (ce) 0.01 uF (d+) (0.0047 pF 
Solution (a) 0.1 x 10 °F x 10! pF/F = 1000 pF 
(b) 0.000022 F x 10'? pF/F = 22 x 10° pF 
(c) 0.01 uF X 10° pF/uF = 10,000 pF 
(d) 0.0047 wF x 10° pF/uF = 4700 pF 


Related Problem Convert 100 pF to picofarads. 
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Equation 12-4 


How a Capacitor Stores Energy 


A capacitor stores energy in the form of an electric field that is established by the opposite 
charges stored on the two plates. The electric field is represented by lines of force between 
the positive and negative charges and is concentrated within the dielectric, as shown in 
Figure 12-3. 


®» FIGURE 12-3 Lines of force 


The electric field stores energy ina 
capacitor. 


+ t)4 + + 


Coulomb’s law states 


A force (F) exists between two point-source charges (Q;, Q) that is directly pro- 
portional to the product of the two charges and inversely proportional to the 
square of the distance (d) between the charges. 


Figure 12-4(a) illustrates a line of force between a positive and a negative charge. 
Figure 12-4(b) shows that many opposite charges distributed on the plates of a capacitor 
create lines of force, which form an electric field that stores energy within the dielectric. 
Although the distributed charges no longer act as point-source charges and do not exactly 
obey Coulomb’s law, the force is still dependent on the amount of charge and the distance 
between the plates. 


Lines of force 


Zz 
»*! F Q2 
Ae GET. 
a> 
(b) 


(a) 


A FIGURE 12-4 


Lines of force are created by opposite charges. 


The greater the forces between the charges on the plates of a capacitor, the more energy 
is stored. Therefore, the amount of energy stored is directly proportional to the capacitance 
because the more charge stored, the greater the force. 

Also, from Equation 12—2, the amount of charge stored is directly related to the voltage 
as well as to the capacitance. Therefore, the amount of energy stored is also dependent on 
the square of the voltage across the plates of the capacitor. The formula for the energy 
stored by a capacitor is 


W= lop 
2 


When capacitance (C) is in farads and voltage (V) is in volts, energy (W) is in joules. 


Voltage Rating 


Every capacitor has a limit on the amount of voltage that it can withstand across its plates. 
The voltage rating specifies the maximum dc voltage that can be applied without risk of 
damage to the device. If this maximum voltage, commonly called the breakdown voltage 
or working voltage, is exceeded, permanent damage to the capacitor can result. 

You must consider both the capacitance and the voltage rating before you use a capaci- 
tor in a circuit application. The choice of capacitance value is based on particular circuit re- 
quirements. The voltage rating should always be above the maximum voltage expected in 
a particular application. 


Dielectric Strength The breakdown voltage of a capacitor is determined by the 
dielectric strength of the dielectric material used. The dielectric strength is expressed in 
V/mil (1 mil = 0.001 in. = 2.54 X 10°>m). Table 12-2 lists typical values for several 
materials. Exact values vary depending on the specific composition of the material. 


MATERIAL DIELECTRIC STRENGTH (V/MIL) 


Oil 375 
Ceramic 1000 
Paper (paraffined) 1200 
Teflon® 1500 
Mica 1500 
Glass 2000 


A capacitor’s dielectric strength can best be explained by an example. Assume that a 
certain capacitor has a plate separation of 1 mil and that the dielectric material is ceramic 
This particular capacitor can withstand a maximum voltage of 1000 V because its dielec- 
tric strength is 1000 V/mil. If the maximum voltage is exceeded, the dielectric may break 
down and conduct current, causing permanent damage to the capacitor. Similarly, if the 
ceramic capacitor has a plate separation of 2 mils, its breakdown voltage is 2000 V. 


Temperature Coefficient 


The temperature coefficient indicates the amount and direction of a change in capacitance 
value with temperature. A positive temperature coefficient means that the capacitance in- 
creases with an increase in temperature or decreases with a decrease in temperature. A neg- 
ative coefficient means that the capacitance decreases with an increase in temperature or 
increases with a decrease in temperature. 

Temperature coefficients are typically specified in parts per million per Celsius degree 
(ppm/°C). For example, a negative temperature coefficient of 150 ppm/°C for a 1 wF ca- 
pacitor means that for every degree rise in temperature, the capacitance decreases by 150 pF 
(there are one million picofarads in one microfarad). 


Leakage 


No insulating material is perfect. The dielectric of any capacitor will conduct some very 
small amount of current. Thus, the charge on a capacitor will eventually leak off. Some 
types of capacitors, such as large electrolytic types, have higher leakages than others. An 
equivalent circuit for a nonideal capacitor is shown in Figure 12-5. The parallel resistor 
Rieak Tepresents the extremely high resistance (several hundred kilohms or more) of the di- 
electric material through which there is leakage current. 
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<4 TABLE 12-2 


Some common dielectric materials 
and their dielectric strengths. 


Cc Rieak 


» FIGURE 12-5 


Equivalent circuit for a nonideal 
capacitor. 
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Physical Characteristics of a Capacitor 


The following parameters are important in establishing the capacitance and the voltage rat- 
ing of a capacitor: plate area, plate separation, and dielectric constant. 


Plate Area Capacitance is directly proportional to the physical size of the plates as de- 
termined by the plate area, A. A \arger plate area produces more capacitance, and a smaller 
plate area produces less capacitance. Figure 12—6(a) shows that the plate area of a parallel 
plate capacitor is the area of one of the plates. If the plates are moved in relation to each 
other, as shown in Figure 12—6(b), the overlapping area determines the effective plate area. 
This variation in effective plate area is the basis for a certain type of variable capacitor. 


> FIGURE 12-6 
Capacitance is directly proportional om 
to plate area (A). | 


(a) Full plate area: (b) Reduced plate area: 
more capacitance less capacitance 


Plate Separation Capacitance is inversely proportional to the distance between the 
plates. The plate separation is designated d, as shown in Figure 12—7. A greater separation 
of the plates produces a smaller capacitance, as illustrated in the figure. As previously dis- 
cussed, the breakdown voltage is directly proportional to the plate separation. The further 
the plates are separated, the greater the breakdown voltage. 


» FIGURE 12-7 


Capacitance is inversely proportional 
to the distance between the plates. 


(a) Plates closer together: (b) Plates further apart: 
more capacitance less capacitance 


Dielectric Constant As you know, the insulating material between the plates of a ca- 
pacitor is called the dielectric. Dielectric materials tend to reduce the voltage between 
plates for a given charge and thus increase the capacitance. If the voltage is fixed, more 
charge can be stored due to the presence of a dielectric than can be stored without a di- 
electric. The measure of a material’s ability to establish an electric field is called the 
dielectric constant or relative permittivity, symbolized by e,. (e is the Greek letter 
epsilon.) 

Capacitance is directly proportional to the dielectric constant. The dielectric constant 
of a vacuum is defined as 1 and that of air is very close to 1. These values are used as a 
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reference, and all other materials have values of ¢, specified with respect to that of a vac- 
uum or air. For example, a material with ¢, = 8 can result in a capacitance eight times 
greater than that of air with all other factors being equal. 

Table 12-3 lists several common dielectric materials and a typical dielectric constant for 
each. The values can vary because it depends on the specific composition of the materia]. 


’ TABLE 12-3 

Some common dielectric materials and their dielectric 

constants. 
At (vacuum) 1.0 
Teflon® 2.0 
Paper (paraffined) a) 
Oil 4.0 
Mica 5.0 
Glass Ts) 
Ceramic 1200 


The dielectric constant (relative permittivity) is dimensionless because it is a relative 
measure. It is a ratio of the absolute permittivity of a material, ¢, to the absolute permittivity 
of a vacuum, &, as expressed by the following formula: 


& = rs Equation 12-5 


The value of &€ is 8.85 X 10° !? F/m (farads per meter). 


Formula You have seen how capacitance is directly related to plate area, A, and the di- 
electric constant, ¢,, and inversely related to plate separation, d. An exact formula for cal- 
culating the capacitance in terms of these three quantities is 

Ae{8.85 X 10 |? F/m) 


C= r, Equation 12-6 


where A is in square meters (m2), d is in meters (m), and C is in farads (F). Recall that the 
absolute permittivity of a vacuum, é9, is 8.85 X 107!” F/m and that the absolute permittiv- 
ity of a dielectric (€), as derived from Equation (12-5), is 


& = €,(8.85 X 10 !? F/m) 


‘XAMPLE 12-4 Determine the capacitance of a parallel plate capacitor having a plate area of 0.01 m? 


and a plate separation of 1 mil (2.54 X 10° m). The dielectric is mica, which has a 
dielectric constant of 5.0. 


Use Equation 12-6. 


ae Ae{8.85 X 107! F/m) _ (0.01 m?)(5.0)(8.85 x 107'? F/m) 
d 2.54 X 10->m 


= 0.017 pF 


Related Problem Determine C where A = 0.005 m2, d = 3 mil (7.62 X 10> m), and ceramic is the 
dielectric. 
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ds are in one farad? 

are in one farad? 

are in one microfarad? 

farads. To farads. 

Jou’ Stored by a 0.01 pF capacitor with 15 V across its plates? 
irea of a capacitor is increased, does the capacitance increase or 


ween the plates is increased, does the capacitance increase 
capacitor are separated by 2 mils. What is the typical break- 


of 2 uF at 25°C has a positive temperature coefficient of 
ance value when the temperature increases to 125°C? 


12—2 Types OF CAPACITORS 


Capacitors normally are classified according to the type of dielectric material and whether 
they are polarized or nonpolarized. The most common types of dielectric materials are 
mica, ceramic, plastic-film, and electrolytic (aluminum oxide and tantalum oxide). 


After completing this section, you should be able to 


e Discuss various types of capacitors 


¢ Describe the characteristics of mica, ceramic, plastic-film, and electrolytic 
capacitors 


Fixed Capacitors 


Mica Capacitors Two types of mica capacitors are stacked-foil and silver-mica. The basic 
construction of the stacked-foil type is shown in Figure 12-8. It consists of alternate layers 


© FIGURE 12-8 


Construction of a typical radial-lead 
mica Capacitor. 


7. A 
(a) Stacked layer arrangement (b) Layers are pressed together 
and encapsulated. 


of metal foil and thin sheets of mica. The metal foil forms the plate, with alternate foil sheets 
connected together to increase the plate area. More layers are used to increase the plate area, 
thus increasing the capacitance. The mica/foil stack is encapsulated in an insulating material 
such as Bakelite®, as shown in Figure 12—8(b). A silver-mica capacitor is formed in a sim- 
ilar way by stacking mica sheets with silver electrode material screened on them. 

Mica capacitors are available with capacitance values ranging from | pF to 0.1 »F and 
voltage ratings from 100 V dc to 2500 V dc. Common temperature coefficients range from 
—20 ppm/°C to +100 ppm/°C. Mica has a typical dielectric constant of 5. 


Ceramic Capacitors Ceramic dielectrics provide very high dielectric constants (1200 is 
typical). As a result, comparatively high capacitance values can be achieved in a small 
physical size. Ceramic capacitors are commonly available in a ceramic disk form, as shown 
in Figure 12-9, in a multilayer radial-lead configuration, as shown in Figure 12-10, or ina 
leadless ceramic chip, as shown in Figure 12-11, for surface mounting on printed circuit 
boards. 


Lead wire soldered 
to silver electrode 


= Solder 
- SS 


Ceramic 
dielectric 


(a) (b) 


» FIGURE 12-9 
A ceramic disk capacitor and its basic construction. 


Solder 


Lead wire 


Molded case 


(a) (b) 


». FIGURE 12-10 


(a) Typical ceramic capacitors. (b) Construction view. 
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Dipped phenolic coating 


Silver electrodes deposited on 
top and bottom of ceramic disk 


Ceramic 
dielectric 


Electrode 


So 
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Copper (barrier layer) 


Ceramic 


dielectric 
Electrode 


& FIGURE 12-11 


Construction view of a typical ceramic chip capacitor used for surface mounting on printed circuit 
boards. 


Ceramic capacitors typically are available in capacitance values ranging from | pF to 
2.2 wF with voltage ratings up to 6 kV. A typical temperature coefficient for ceramic 
capacitors is 200,000 ppm/°C. A special type of disk ceramic has a zero temperature 
coefficient. 


Plastic-Film Capacitors Common dielectric materials used in plastic-film capacitors in- 
clude polycarbonate, propylene, polyester, polystyrene, polypropylene, and mylar. Some 
of these types have capacitance values up to 100 uF but most are less than | pF. 

Figure 12—12 shows a common basic construction used in many plastic-film capacitors. 
A thin strip of plastic-film dielectric is sandwiched between two thin metal strips that act — 
as plates. One lead is connected to the inner plate and one is connected to the outer plate as 
indicated. The strips are then rolled in a spiral configuration and encapsulated in a molded 
case. Thus, a large plate area can be packaged in a relatively small physical size, thereby 
achieving large capacitance values. Another method uses metal deposited directly on the 
film dielectric to form the plates. 


Lead connected Lead connected 
to outer foil to inner foil 


Inner foil 


a, 


Plastic film 


Outer foil 


\ 


———_» 
al 


A FIGURE 12-12 


Basic construction of axial-lead tubular plastic-film dielectric capacitors. 


Figure 12—13(a) shows typical plastic-film capacitors. Figure 12-13(b) shows a con- 
struction view for one type of plastic-film capacitor. 


High-purity 
foil electrodes 


Plastic film 
dielectric 


Outer wrap of 
polyester film 


Capacitor section 
(alternate strips of 
film dielectric and 
foil electrodes rolled 
into cylindrical shape) 


Lead wire 
soldered to 
end of section 


Solder-coated end assures that all turns 
of electrode are positively contacted 


(a) (b) 


4& FIGURE 12-13 
(a) Typical capacitors. (b) Construction view of plastic-film capacitor. 


Electrolytic Capacitors Electrolytic capacitors are polarized so that one plate is positive 
and the other negative. These capacitors are used for capacitance values from 1 F up to 
over 200,000 F, but they have relatively low breakdown voltages (350 V is a typical max- 
imum) and high amounts of leakage. In this text, capacitors with values of 1 jF or greater 
are considered to be polarized. 

Electrolytic capacitors offer much higher capacitance values than mica or ceramic 
capacitors, but their voltage ratings are typically lower. Aluminum electrolytics are proba- 
bly the most commonly used type. While other capacitors use two similar plates, the elec- 
trolytic consists of one plate of aluminum foil and another plate made of a conducting 
electrolyte applied to a material such as plastic film. These two “plates” are separated by a 
layer of aluminum oxide that forms on the surface of the aluminum plate. Figure 12—14(a) 
illustrates the basic construction of a typical aluminum electrolytic capacitor with axial 
leads. Other electrolytics with radial leads are shown in Figure 12—14(b); the symbol for an 
electrolytic capacitor is shown in part (c). 

Tantalum electrolytics can be in either a tubular configuration similar to Figure 12-14 
or “tear drop” shape as shown in Figure 12—15. In the tear drop configuration, the positive 
plate is actually a pellet of tantalum powder rather than a sheet of foil. Tantalum pentoxide 
forms the dielectric, and manganese dioxide forms the negative plate. 

Because of the process used for the insulating oxide dielectric, the metallic (aluminum 
or tantalum) plate must be connected so that it is always positive with respect to the elec- 
trolyte plate, and, thus all electrolytic capacitors are polarized, The metal plate (positive 
lead) is usually indicated by a plus sign or some other obvious marking and must always be 
connected in a dc circuit where the voltage across the capacitor does not change polarity re- 
gardless of any ac present. Reversal of the polarity of the voltage will usually result in com- 
plete destruction of the capacitor. 

The problem of dielectric absorption occurs mostly in electrolytic capacitors when they 
do not completely discharge during use and retain a residual charge. Approximately 25% 
of defective capacitors exhibit this condition. 


Variable Capacitors 


Variable capacitors are used in a circuit when there is a need to adjust the capacitance value 
either manually or automatically. These capacitors are generally less than 300 pF but are 
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Be extremely careful 
with electrolytic 
capacitors because it 
does make a 
difference which way 
an electrolytic 
capacitor is connected. Always 
observe the proper polarity. If a 
polarized capacitor is connected 
backwards, it may explode and 
Cause injury. 
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Solder-coated brass case 


Sprayed metal end 
termination 


Oxide 
dielectric Plastic — 
\ Ne insulating cap Cn 
_= Lee 
a——eS-7 ecg 


— 


(b) Typical radial-lead electrolytics 


Aluminum 
plate 
Electrolyte 
plate 
Glass-to-metal Wire lead - 
seal terminal 
(a) Construction view of an axial-lead electrolytic capacitor (c) Symbol for an electrolytic 
capacitor. The straight plate 
is positive and the curved 
plate is negative, as indicated. 
» FIGURE 12-14 
Examples of electrolytic capacitors. 
Tantalum pentoxide 
Sintered tantalum ie) 
Pelletitancde) Manganese dioxide 
Dipped epoxy coating — (solid-electrolyte) 
Graphite 
Cathode lead soldered 
to silvered area of 
capacitor section 
Tantalum wire welded 
to tantalum pellet 
Nickel lead 
(positive) Nickel lead 
(negative) 
A FIGURE 12-15 
Construction view of a typical “tear drop” shaped tantalum electrolytic capacitor. 
a available in larger values for specialized applications. The schematic symbol for a variable 


capacitor is shown in Figure 12-16. 


A FIGURE 12-16 


Schematic symbol for a variable 
capacitor. 


12-17 shows some typical devices. 


Adjustable capacitors that normally have slowed screw-type adjustments and are used 
for very fine adjustments in a circuit are called trimmers. Ceramic or mica is a common 
dielectric in these types of capacitors, and the capacitance usually is changed by adjusting 
the plate separation. Generally, trimmer capacitors have values less than 100 pF. Figure 
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FIGURE 12-17 
| ae Examples of trimmer capacitors. 


The varactor is a semiconductor device that exhibits a capacitance characteristic that is 
varied by changing the voltage across its terminals. This device usually is covered in detail 
in a course on electronic devices. 


Capacitor Labeling 


Capacitor values are indicated on the body of the capacitor either by typographical labels 
or by color codes. Typographical labels consist of letters and numbers that indicate various 
parameters such as capacitance, voltage rating, and tolerance. 

Some capacitors carry no unit designation for capacitance. In these cases, the units are 
implied by the value indicated and are recognized by experience. For example, a ceramic 
capacitor marked .001 or .01 has units of microfarads because picofarad values that small 
are not available. As another example, a ceramic capacitor labeled 50 or 330 has units of pi- 
cofarads because microfarad units that large normally are not available in this type. In some 
cases, a 3-digit designation is used. The first two digits are the first two digits of the capac- 
itance value. The third digit is the number of zeros after the second digit. For example, 103 
means 10,000 pF. In some instances, the units are labeled as pF or nF; sometimes the mi- 
crofarad unit is labeled as MF or MFD. 

A voltage rating appears on some types of capacitors with WV or WVDC and is omit- 
ted on others. When it is omitted, the voltage rating can be determined from information 
supplied by the manufacturer. The tolerance of the capacitor is usually labeled as a per- 
centage, such as +10%. The temperature coefficient is indicated by a parts per million 
marking. This type of label consists of a P or N followed by a number. For example, N750 
means a negative temperature coefficient of 750 ppm/°C, and P30 means a positive tem- 
perature coefficient of 30 ppm/°C. An NPO designation means that the positive and nega- 
tive coefficients are zero; thus the capacitance does not change with temperature. Certain 
types of capacitors are color coded. Refer to Appendix C for additional capacitor labeling 
and color code information. 


Capacitance Measurement 


An LCR meter such as the one shown in Figure 12—18 can be used to check the value of a 
capacitor. Also, many DMMs provide a capacitance measurement feature. Most capacitors 
change value over a period of time, some more than others. Ceramic capacitors, for exam- 
ple, often exhibit a 10% to 15% change in value during the first year. Electrolytic capacitors 
are particularly subject to value change due to drying of the electrolytic solution. In other 
cases, capacitors may be labeled incorrectly or the wrong value may have been installed in 
the circuit. Although a value change represents less than 25% of defective capacitors, a value 
check can quickly eliminate this as a source of trouble when troubleshooting a circuit. 
Typically, values from 200 pF to 20 mF can be measured on an LCR meter by simply con- 
necting the capacitor, setting the switch, and reading the value on the display. Some LCR 
meters can also be used to check for leakage current in capacitors. In order to check for leak- 
age, a sufficient voltage must be applied across the capacitor to simulate operating condi- _ FIGURE 12-18 
tions. This is automatically done by the test instrument. Over 40% of all defective capacitors _A typical LCR meter. (Courtesy of 
have excessive leakage current and electrolytics are particularly susceptible to this problem. _B+K Precision) 
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12—3 SERIES CAPACITORS 


The total capacitance of a series connection of capacitors is less than the individual 
capacitance of any of the capacitors. Capacitors in series divide voltage across them in 
proportion to their capacitance. 


After completing this section, you should be able to 


Total Capacitance 


When capacitors are connected in series, the total capacitance is less than the smallest capac- 
itance value because the effective plate separation increases. The calculation of total series ca- 
pacitance is analogous to the calculation of total resistance of parallel resistors (Chapter 6). 


(a) Charging current is same for each capacitor, J = Q/. (b) All capacitors store same amount of charge and 


Equation 12-7 


V=QL. 


A FIGURE 12-19 
A Series capacitive circuit. 


Consider the generalized circuit in Figure 12—19(a), which has n capacitors in series 
with a voltage source and a switch. When the switch is closed, the capacitors charge as cur- 
rent is established through the circuit. Since this is a series circuit, the current must be the 
same at all points, as illustrated. Since current is the rate of flow of charge, the amount of 
charge stored by each capacitor is equal to the total charge. expressed as 


On On (Oy 1036 0, 


Next, according to Kirchhoff’s voltage law, the sum of the voltages across the charged 
capacitors must equal the total voltage, Vp, as shown in Figure 12—19(b). This is expressed 
in equation form as 


Vas Vy F Vo 4 V3 bee V,, 


From Equation 12—3, V = Q/C. When this relationship is substituted into each term of 
the voltage equation, the following result is obtained: 
Die 22 85. 4 en 


+ 
Ge Co Gc; G 


Since the charges on all the capacitors are equal, the Q terms can be factored and can- 
celed, resulting in 
Bigger gt Oe 1 
GO | G&G G GC, 
Taking the reciprocal of both sides of Equation 12-8 yields the following general formula 
for total series capacitance: 


C 1 
ere 1 
—— — — +-:- 4+— 
Cy "Gy Gs Ch 


Remember, 
‘The total series capacitance is always less than the smallest capacitance. 


Two Capacitors in Series When only two capacitors are in series, a special form of 
Equation 12-8 can be used. 


Taking the reciprocal of the left and right terms gives the formula for total capacitance of 
two capacitors in series. 


C\C, 
Cr —i aa 
(Gy ae (G3 
Capacitors of Equal Value in Series This special case is another in which a formula can 


be developed from Equation 12-8. When all capacitor values are the same and equal to C, 
the formula is 


ce ene arena 
Cy Cae Cc 
Adding all the terms on the right yields 
ee 
(Gp IC 


where v1 is the number of equal-value capacitors. Taking the reciprocal of both sides yields 


The capacitance value of the equal capacitors divided by the number of equal series capac- 
itors gives the total capacitance. 
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Equation 12-8 


Equation 12~9 


Equation 12-10 


Equation 12-11 


ance between points A and B in Figure 12-20. 


CQ CQ G3 
jaf ff 
10uF 4.7uF 8.2 uF 


Sd 
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Solution 


Related Problem 


Use Equation 12-9. 


1 1 
C= : - = 2.30 pF 
sr) i 1 1 1 nts 

++ + + 
eee G.) 10pr  47pF | 82pr 


If a 4.7 pF capacitor is connected in series with the three existing capacitors in Figure 
12-20, what is Cy? 


EXAMPLE 12-6 


Solution 


Related Problem 


EXAMPLE 12-7 


Solution 


Related Problem 


Find the total capacitance, Cy, in Figure 12-21. 


FIGURE 12-21 C ro 


100 pF 


+ —_ 
! 


Vs 


330 pF 


From Equation 12-10, 
CC, _ (100 pF)(330 pF) 


Cy = = = 76.7 pF 
aT CG, 430 pF P 
You can also use Equation 12-9. 
1 
Cy = = 76.7 pF 
iT 1 4 1 p 
100pF  330pF 


Determine Cy if C; = 470 pF and C, = 680 pF in Figure 12-21. 


Determine Cy for the series capacitors in Figure 12-22 


FIGURE 12-22 
0.022 uF 


0.022 uF 


a i 
| G + 0.022 uF 
G sii 0.022 uF 


Since Cy = Cy = C3 = Cy = C, use Equation 12-11, 


0022 pF 
Crp=—= a = 0.0055 pF 


Determine Cy if the capacitor values in Figure 12-22 are doubled. 
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Capacitor Voltages 


A series connection of charged capacitors acts as a voltage divider. The voltage across each 
capacitor in series is inversely proportional to its capacitance value, as shown by the for- 
mula V = Q/C. You can determine the voltage across any individual capacitor in series 
with the following formula: 


Cy : 

Ws = || Se Ne Equation 12-12 
C, 

where C,, is any capacitor in series (such as C), C2, or C3), V,, is the voltage across C,, and 

Vr is the total voltage across the capacitors. The derivation is as follows: Since the charge 

on any capacitor in series is the same as the total charge (Q, = Qy), and since QO, = V,C,, 

and Or = VyCy, then 


VC, = VrCr 
Solving for V,. yields 
_ GaVe 
x a 


The largest-value capacitor in a series connection will have the smallest voltage 
across it. The smallest-value capacitor will have the largest voltage across it. 


in Figure 12-23. 


ac ae 0.47 LF “al 


| 1 1 
= - = 
Ol pF O47 pF 0.22 uF 


2x 


weer) 

, = 13: 
=(< F 25V = 15.0V 
(0.06 WF ee, 

G 0) ur jes V = 3.19V 
[0.06 uF 

(Fee sv = 6.82 V 


é cted in series with the existing capacitor in Figure 
Ss ss the new Capacitor, assuming all the capacitors are 
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inection less than or greater than the value of the 


100 pF, 220 pF, and 560 pF. What is the total 


n series. Determine the total capacitance. 


12—4 PARALLEL CAPACITORS 
Capacitances add when capacitors are connected in parallel. 


After completing this section, you should be able to 


When capacitors are connected in parallel, the total capacitance is the sum of the indi- 
vidual capacitances because the effective plate area increases. The calculation of total par- 
allel capacitance is analogous to the calculation of total series resistance (Chapter 5). 

Consider what happens when the switch in Figure 12-25 is closed. The total charging 
current from the source divides at the junction of the parallel branches. There is a separate 
charging current through each branch so that a different charge can be stored by each ca- 
pacitor. By Kirchhoff’s current law, the sum of all of the charging currents is equal to the 
total current. Therefore, the sum of the charges on the capacitors is equal to the total charge. 
Also, the voltages across all of the parallel branches are equal. These observations are used 
to develop a formula for total parallel capacitance as follows for the general case of n ca- 
pacitors in parallel. 


Equation 12-13 Or =O, + Q2+ O34+---+Q, 


fed od 4 


G G, 


A FIGURE 12-25 
Capacitors in parallel. 
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From Equation 12-2, Q = CV. When this relationship is substituted into each term of 
Equation 12-13, the following result is obtained: 


CyVz = CyVy + CyV_ + C3V3 +---+ CiVy 
Since Vp = V,; = V2 = V3 =---= V,, the voltages can be factored and canceled, giving 
Cp=Cy +O +O, +--+, Equation 12-14 


Equation 12-14 is the general formula for total parallel capacitance where n is the number 
of capacitors. Remember, 


The total parallel capacitance is the sum of all the capacitors in parallel. 


For the special case when all of the capacitors have the same value, C, multiply the value 
by the number (7) of capacitors in parallel. 


Cr = nC Equation 12-15 


yacitor in parallel is equal to the source voltage 
Vg =V, =. =5V 


is connected in parallel with C2 in Figure 12-26? 


Cy Cy Cs Ce 


0.01 uF | 0.01 uF | 0.01 uF | 0.01 uF 
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pacitors in parallel, son = 6. 
= nC = (6)(0.01 pF) = 0.06 pF 


itors are connected in parallel in Figure 12-27, what is the 


ed 0.05 uF. The only values available are 0.01 pF, 
tities. How can you get the total capacitance that you 


parallel: 10 pF, 56 pF, 33 pF, and 68 pF. What is C,? 


12—5 Capacitors IN DC Circuits 


A capacitor will charge up when it is connected to a de voltage source. The buildup of 
charge across the plates occurs in a predictable manner that is dependent on the capac- 
itance and the resistance in a circuit. 


After completing this section, you should be able to 
Analyze capacitive dc switching circuits 


* Describe the charging and discharging of a capacitor 


Charging a Capacitor 


A capacitor will charge when it is connected to a dc voltage source, as shown in Figure 
12-28. The capacitor in part (a) of the figure is uncharged; that is, plate A and plate B have 
equal numbers of free electrons. When the switch is closed, as shown in part (b), the source 
moves electrons away from plate A through the circuit to plate B as the arrows indicate. As 


Fewer electrons More electrons 
hE make plate A a =B make plate B 
= more positive. ——,_ — = 4— More negative. A B A B 
= zi +1 fF +] J- 
= MN 
Vo Vs 

Vs Va Vs 

+ tt | —_ + | - + | - 
(a) Uncharged (b) Charging (arrows indicate electron flow) (c) Fully charged. (d) Retains charge 
T=0 


A FIGURE 12-28 
Charging a capacitor. 
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plate A loses electrons and plate B gains electrons, plate A becomes positive with respect to 
plate B. As this charging process continues, the voltage across the plates builds up rapidly 
until it is equal to the applied voltage, Vs, but opposite in polarity, as shown in part (c). 
When the capacitor is fully charged, there is no current. 


A capacitor blocks constant de. 


When the charged capacitor is disconnected from the source, as shown in Figure 
12—28(d), it remains charged for long periods of time, depending on its leakage resistance, 
and can cause severe electrical shock. The charge on an electrolytic capacitor generally 
leaks off more rapidly than in other types of capacitors. 


Discharging a Capacitor 


When a wire is connected across a charged capacitor, as shown in Figure 12-29, the ca- 
pacitor will discharge. In this particular case, a very low resistance path (the wire) is con- 
nected across the capacitor with a switch. Before the switch is closed, the capacitor is 
charged to 50 V, as indicated in part (a). When the switch is closed, as shown in part (b), the 
excess electrons on plate B move through the circuit to plate A (indicated by the arrows); as 
a result of the electrons moving through the low resistance of the wire, the energy stored by 
the capacitor is dissipated in the wire. The charge is neutralized when the numbers of free 
electrons on both plates are again equal. At this time, the voltage across the capacitor is 
zero, and the capacitor is completely discharged, as shown in part (c). 


(a) Retains charge (b) Discharging (arrows (c) Uncharged 
indicate electron flow) 


Current and Voltage During Charging and Discharging 


Notice in Figures 12—28 and 12-29 that the direction of electron flow during discharge is 
opposite to that during charging. It is important to understand that ideally there is no cur- 
rent through the dielectric of the capacitor during charging or discharging because the di- 
electric is an insulating material. There is current from one plate to the other only through 
the external circuit. 

Figure 12—30(a) shows a capacitor connected in series with a resistor and a switch to a de 
voltage source. Initially, the switch is open and the capacitor is uncharged with zero volts 
across its plates. At the instant the switch is closed, the current jumps to its maximum value 
and the capacitor begins to charge. The current is maximum initially because the capacitor 
has zero volts across it and, therefore, effectively acts as a short; thus, the current is limited 
only by the resistance. As time passes and the capacitor charges, the current decreases and the 
voltage across the capacitor (V-) increases. The resistor voltage is proportional to the current 
during this charging period. 

After a certain period of time, the capacitor reaches full charge. At this point, the current is 
zero and the capacitor voltage is equal to the dc source voltage, as shown in Figure 12—30(b). 
If the switch were opened now, the capacitor would retain its full charge (neglecting any 
leakage). 

In Figure 12—30(c), the voltage source has been removed. When the switch is closed, the 
capacitor begins to discharge. Initially, the current jumps to a maximum but in a direction 


“4 FIGURE 12-29 
Discharging a charged capacitor. 
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Current jumps to maximum at instant 
switch is closed: then it decreases. 


yy Voltage is 
zero at instant 
switch is 
closed: then 
it increases. 
+ 4 
— Cc | = 
Tt Charging current ] | i} 
~t 
(a) Charging: Capacitor voltage increases as the current and resistor (b) Fully charged: Capacitor voltage equals source voltage. 


voltage decrease. 


The current is zero. 


Current jumps to maximum at instant 
switch is closed; then it decreases. 


Samal ~<— Voltage decreases 


as Capacitor 
discharges 


—_ 
Discharging current 
oa 
a 


(c) Discharging: Capacitor voltage, resistor voltage, and the current decrease 


from their initial maximum values. Note that the discharge current is 
opposite to the charge current. 


4 FIGURE 12-30 
Current and voltage in a charging and discharging capacitor. 


Opposite to its direction during charging. As time passes, the current and capacitor voltage 
decrease. The resistor voltage is always proportional to the current. When the capacitor has 
fully discharged, the current and the capacitor voltage are zero. 

Remember the following rules about capacitors in de circuits: 


1. A capacitor appears as an open to constant voltage. 
2. A capacitor appears as a short to an instantaneous change in voltage. 


Now let’s examine in more detail how the voltage and current change with time in a ca- 
pacitive circuit. 


The RC Time Constant 


In a practical situation, there cannot be capacitance without some resistance In a circuit. It 
may simply be the small resistance of a wire, a Thevenin source resistance, or it may be a 
physical resistor. Because of this, the charging and discharging characteristics of a capaci- 
tor must always be considered with the associated resistance. The resistance introduces the 
element of time in the charging and discharging of a capacitor. 

When a capacitor charges or discharges through a resistance, a certain time is required 
for the capacitor to charge fully or discharge fully. The voltage across a capacitor cannot 
change instantaneously because a finite time is required to move charge from one point to 
another. The time constant of a series RC circuit determines the rate at which the capacitor 
charges or discharges. 


The RC time constant is a fixed time interval that equals the product of the resis- 
tance and the capacitance in a series RC circuit. 
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The time constant is expressed in seconds when resistance is in ohms and capacitance is 
in farads. It is symbolized by 7 (Greek letter tau), and the formula is 


7 =RC Equation 12-16 


Recall that J = Q/t. The current depends on the amount of charge moved in a given 
time. When the resistance is increased, the charging current is reduced, thus increasing the 
charging time of the capacitor. When the capacitance is increased, the amount of charge in- 
creases; thus, for the same current, more time is required to charge the capacitor. 
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A series RC circuit has a resistance of 1.0 MO and a capacitance of 4.7 4F. What is 
the time constant? 


ene 110 x 10° 0)47 x 10 °R) = 47s 


A series RC circuit has a 270 kO resistor and a 3300 pF capacitor. What is the time 
constant? 


When a capacitor is charging or discharging between two voltage levels, the charge on the 
capacitor changes by approximately 63% of the difference in the levels in one time constant. 
An uncharged capacitor charges to 63% of its fully charged voltage in one time constant. 
When a capacitor is discharging, its voltage drops to approximately 100% — 63% = 37% 
of its initial value in one time constant, which is a 63% change. 


The Charging and Discharging Curves 


A capacitor charges and discharges following a nonlinear curve, as shown in Figure 12-31. 
In these graphs, the approximate percentage of full charge is shown at each time-constant 
interval. This type of curve follows a precise mathematical formula and is called an 
exponential curve. The charging curve is an increasing exponential, and the discharging 
curve is a decreasing exponential. It takes five time constants to change the voltage by 99% 
(considered 100%). This five time-constant interval is generally accepted as the time to 
fully charge or discharge a capacitor and is called the transient time. 


Vo We 


Vp (final voltage) V; (initial voltage) 


A teal em : ies H >t 
0 I7 ZF She 47 57 
(a) Charging curve with percentages of the final voltage (b) Discharging curve with percentages of the initial voltage 


@ FIGURE 12-31 
Exponential voltage curves for the charging and discharging of an RC circuit. 


General Formula The general expressions for either increasing or decreasing exponen- 
tial curves are given in the following equations for both instantaneous voltage and instan- 
taneous current. 


v= Vp + (V; — Vie” Equation 12~17 
i=Ip+; -Ipe Equation 12-18 
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where V; and J are the final values of voltage and current, and V; and J; are the initial val- 
ues of voltage and current. The lowercase italic letters v and i are the instantaneous values 
of the capacitor voltage and current at time ¢, and e is the base of natural logarithms. The e* 
key on a calculator makes it easy to work with this exponential term. 


Charging from Zero The formula for the special case in which an increasing exponen- 
tial voltage curve begins at zero (V; = 0), as shown in Figure ]2—31(a), is given in Equa- 
tion 12-19. It is developed as follows, starting with the general formula, Equation 12-17. 


v= Vp + (Vie = Ve + © Vale = Ve Vee 
Factoring out Vz, you have 
Equation 12-19 v= Vr(1 — e RS 


Using Equation 12-19, you can calculate the value of the charging voltage of a capacitor at 
any instant of time if it is initially uncharged. You can calculate an increasing current by 
substituting i for v and Jp for Vr in Equation 12-19. 


EXAMPLE 12-12 In Figure 12-32, determine the capacitor voltage 50 us after the switch is closed if the 
capacitor is initially uncharged. Draw the charging curve. 


FIGURE 12-32 


Solution The time constant is RC = (8.2 kQ)(0.01 wF) = 82 ys. The voltage to which the ca- 
pacitor will fully charge is 5O V (this is V;). The initial voltage is zero. Notice that 
50 ps is less than one time constant; so the capacitor will charge less than 63% of the 
full voltage in that time. 


ve = Vr — eae) = (50 V)\(1 — e Ousi82ps) 
= (50 V1 — € 9) = (50. V)(I — 0.543) = 22.8V 


The charging curve for the capacitor is shown in Figure 12-33. 


FIGURE 12-33 


v(V) 


t 
° O50 “(a line 


Sr 


You can determine an exponential function on your calculator by using the e* key 
and entering the value of the exponent of e. 
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Related Problem Determine the capacitor voltage 15 ps after switch closure in Figure 12-32. 


p= Use Multisim file E12-12 to verify the calculated results in this example and to confirm 
your calculation for the related problem. 


Discharging to Zero The formula for the special case in which a decreasing exponential 
voltage curve ends at zero (Vr = 0), as shown in Figure !2—31(b), is derived from the gen- 
eral formula as follows: 


v= Vp + (Vi — Vie” = 0 + (V; — Oe RE 
This reduces to 
y= Vee" Equation 12-20 


where V; is the voltage at the beginning of the discharge. You can use this formula to cal- 
culate the discharging voltage at any instant, as Example !2—13 illustrates. 


EXAMPLE 12-13 Determine the capacitor voltage in Figure 12—34 at a point in time 6 ms after the 
switch is closed. Draw the discharging curve. 


FIGURE 12-34 


LO ad Ae 10kO 


Solution The discharge time constant is RC = (10k0))(2.2 wF) = 22 ms. The initial capacitor 
voltage is 10 V. Notice that 6 ms is less than one time constant, so the capacitor will 
discharge less than 63%. Therefore, it will have a voltage greater than 37% of the 
initia] voltage at 6 ms. 


ve = Vie RE = (10 Vye 2 = (10 V)e ©?” = (10 VX(0.761) = 7.61 V 
The discharging curve for the capacitor is shown in Figure 12-35. 


FIGURE 12-35 
v(V) 


10 
7.61 i 


t 
06 i 


57 


Related Problem In Figure 12-34, change R to 2.2 kQ and determine the capacitor voltage 1 ms after 
the switch is closed. 
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Graphical Method Using Universal Exponential Curves The universal curves in 
Figure 12-36 provide a graphic solution of the charge and discharge of capacitors. Exam- 
ple 12-14 illustrates this graphical method. 


vori 


ae 


» FIGURE 12-36 
Normalized universal exponential curves. 


arged capacitor in Figure 12—37 to charge 
age 2 ms after the switch is closed? Use the 
rves in Figure 12—36 to determine 


the 100% level (1.0) on the normalized 
75% of maximum, or 0.75 on the graph. 
e constants. In this circuit, one time con- 
Therefore, the capacitor voltage reaches 


see that the capacitor is at approximately 
hich is 2 time constants. These graphic solu- 
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FIGURE 12-38 


Related Problem Using the normalized universal exponential curves, determine how long it will take the 
capacitor in Figure 12-37 to charge to 50 V? What is the capacitor voltage 3 ms after 
switch closure? 


Use Multisim file E12-14 to verify the calculated results in this example and to confirm 


your calculation for the related problem. Use a square wave to replace the de voltage 
source and the switch. 


Time-Constant Percentage Tables The percentages of full charge or discharge at each 
time-constant interval can be calculated using the exponential formulas, or they can be ex- 
tracted from the universal exponential curves. The results are summarized in Tables 12-4 


and 12-5. 
v TABLE 12-4 Vv TABLE 12-5 
Percentage of final charge after each charging time- Percentage of initial charge after each discharging time-constant 
constant interval. interval. 
NUMBER OF APPROXIMATE NUMBER OF APPROXIMATE 
TIME CONSTANTS % OF FINAL CHARGE TIME CONSTANTS % OF INITIAL CHARGE 
1 63 1 37 
2 86 2 14 
3 95 3 5 
4 98 4 2 
5 99 (considered 100%) 5 1 (considered 0) 
Solving for Time 


Occasionally, it is necessary to determine how long it will take a capacitor to charge or 
discharge to a specified voltage. Equations 12-17 and 12-19 can be solved for t if v is 
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specified. The natural logarithm (abbreviated In) of e "© is the exponent —1/RC. There- 
fore, taking the natural logarithm of both sides of the equation allows you to solve for time. 
This procedure is done as follows for the decreasing exponential formula when Vy; = 0 
(Equation 12-20). 


Equation 12-21 t= -xcn(*) 


The same procedure can be used for the increasing exponential formula in Equation 
12-19 as follows: 


v= Vel — eo) 


Vv 
— = 1 _— RC 
Vr : 
Vv 
ee IE 
Ve 
v - 
(1 - +) = Ine #C 
Vp 
in(1 = +) gat 
Vey RC 
Equation 12-22 = Re in( 1 = ~) 
Vp 


25V 
-—(2.2kO)4 pPin( a) 
) = —(2.2 ms)(—1.39) = 3.05 ms 


your calculator by using the LN key. 


in Figure 12-39 to discharge to 50 V? 
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RC Response to a Square Wave 


A common case that illustrates the rising and falling exponential occurs when an RC circuit 
is driven with a square wave that has a long period compared to the time constant. The 
square wave provides on and off action but, unlike a single switch, it provides a discharge 
path back through the generator when the wave drops back to zero. 

When the square wave rises, the voltage across the capacitor rises exponentially toward 
the maximum value of the square wave in a time that depends on the time constant. When 
the square wave returns to the zero level, the capacitor voltage decreases exponentially, 
again depending on the time constant. The Thevenin resistance of the generator is part of 
the RC time constant; however, it can be ignored if it is small compared to R. Example 
12-16 shows the waveforms for the case where the period is long compared to the time 
constant; other cases will be covered in detail in Chapter 20. 


alculate the voltage across the capacitor every 0.1 ms for one com- 
put. Then sketch the capacitor waveform. Assume the Thevenin 


‘e wave is 1 ms, which is approximately 127. This means that 
of the pulse, allowing the capacitor to fully charge 


v= Vel — & “9 = vec — &) 
eee) = 1.74 
= c ems) = QoOY 
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In the equation, time is shown from the point when the change occurs (subtracting 
0.5 ms from the actual time). For example, at 0.6 ms, tf = 0.6ms — 0.5 ms = 0.1 ms. 


oom v= 2.5 Vie 084m) — 0.76 V 
Pas. — 2.5 Vie © 780-084ms) — 0.23 V 
Pe msi 2,5 Vie 04m) — 0.07 V 
Pa gas) = 2.5 Vie @ors0.obms) — 0.02 V 
Peroni — 2.5. Vie (00m) — 0.01 V 


Figure 12-41 is a plot of these results. 


FIGURE 12-41 
Ve (V) 


Related Problem What is the capacitor voltage at 0.65 ms? 


tant when R = 1.2kQ and C = 1000 pF. 


Question 1 is charged with a 5 V source, how long will it 
full charge? At full charge, what is the capacitor voltage? 
1 ms. If it is charged with a 10 V battery, what will the 
each of the following times: 2 ms, 3 ms, 4 ms, and 5 ms? 

to 100 V. If it is discharged through a resistor, what is the 
e constant? 


12—6 Capacitors IN AC Circuits 


As you know, a capacitor blocks dc. A capacitor passes ac but with an amount of op- 
position, called capacitive reactance, that depends on the frequency of the ac. 


After completing this section, you should be able to 
¢ Analyze capacitive ac circuits 
¢ Explain why a capacitor causes a phase shift between voltage and current 
¢ Define capacitive reactance 
* Determine the value of capacitive reactance in a given circuit 


¢ Discuss instantaneous, true, and reactive power in a capacitor 


Capacitors IN AC Circuits 


To explain fully how capacitors work in ac circuits, the concept of the derivative must 
be introduced. The derivative of a time-varying quantity is the instantaneous rate of change 
of that quantity. 

Recall that current is the rate of flow of charge (electrons). Therefore, instantaneous current, 
i, can be expressed as the instantaneous rate of change of charge, g, with respect to time, ¢. 


._ aq 
OS ae 
dt 
The term dg/dt is the derivative of g with respect to time and represents the instantaneous rate 
of change of g. Also, in terms of instantaneous quantities, g = Cv. Therefore, from a basic 


tule of differential calculus, the derivative of g with respect to time is dg/dt = C(dv/dt). Since 
i = dq/dt, we get the following relationship: 


(2) 


The instantaneous capacitor current is equal to the capacitance times the instanta- 
neous rate of change of the voltage across the capacitor. 


This formula states 


The faster the voltage across a capacitor changes, the greater the current. 


Phase Relationship of Current and Voltage in a Capacitor 


Consider what happens when a sinusoidal voltage is applied across a capacitor, as shown 
in Figure 12-42(a). The voltage waveform has a maximum rate of change (dv/dt = max) 
at the zero crossings and a zero rate of change (dv/dt = 0) at the peaks, as indicated in 
Figure 12—42(b). 


Zero rate of change 

(dv/dt = 0) 
Maximum positive 
rate of change 
(dv/dt = + max) 


0 


/ 


Maximum negative 


Vv, (& 
: rate of change \ 
(dv/dt = — max) Zero rate of change 
= = (dv/dt = 0) 
(a) Circuit (b) The rates of change of the sine wave 


» FIGURE 12—42 


A sine wave applied to a capacitor. 


The phase relationship between the current and the voltage for the capacitor can be es- 
tablished from Equation 12—24. When dv/dt = 0, i is also zero because i = C(dv/dt) = 
C(O) = 0. When dv/dt is a positive-going maximum, i is a positive maximum; when dv/dt 
is a Negative-going maximum, / is a negative maximum. 

A sinusoidal voltage always produces a sinusoidal current in a capacitive circuit. There- 
fore, you can plot the current with respect to the voltage if you know the points on the volt- 
age curve at which the current is zero and those at which it is maximum. This relationship 
is shown in Figure 12—43(a). Notice that the current leads the voltage in phase by 90°. This 
is always true in a purely capacitive circuit. The relationship between the voltage and cur- 
rent phasors is shown in Figure 12—-43(b). 


Equation 12-23 


Equation 12-24 


¢ 
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® FIGURE 12-43 


Phase relation of V- and Ic in a ca- 
pacitor. Current always leads the ca- 
pacitor voltage by 90°. 


0 Vo= 
[e=+mex I¢=0 JIe=~—max I[-=0 


max V-=0 Vo=-—max 


(a) Waveforms (b) Phasor diagram 


Capacitive Reactance, X- 


Capacitive reactance is the opposition to sinusoidal current, expressed in ohms. The 
symbol for capacitive reactance is X¢. 

To develop a formula for X¢, we use the relationship i = C(dv/dt) and the curves in 
Figure 12-44. The rate of change of voltage is directly related to frequency. The faster the 
voltage changes, the higher the frequency. For example, you can see that in Figure 12-44 
the slope of sine wave A at the zero crossings is steeper than that of sine wave B. The slope 
of a curve at a point indicates the rate of change at that point. Sine wave A has a higher fre- 
quency than sine wave B, as indicated by a greater maximum rate of change (dv/dt is 
greater at the zero crossings). 


A FIGURE 12-44 


The higher frequency waveform (A) has a greater slope at its zero crossings, corresponding to a higher 
rate of change. 


When frequency increases, dv/dt increases, and thus 7 increases. When frequency 
decreases, dv/dt decreases, and thus i decreases. 


dh Ah 
i=C(dv/dt) and i = C(dv/dt) 


t 


An increase in i means that there is less opposition to current (X¢ is less), and a decrease 
in i means a greater opposition to current (X¢ is greater). Therefore, X¢ is inversely pro- 
portional to 7 and thus inversely proportional to frequency. 


1 
Xc is inversely proportional tof, shown as f 
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From the same relationship i = C(dv/dt), you can see that if dv/dt is constant and C is var- 
ied, an increase in C produces an increase in i, and a decrease in C produces a decrease in i. 


eck 


i = C(dv/dt) and i = C(dv/dt) 


Again, an increase in i means less opposition (X¢ is less), and a decrease in i means 
greater opposition (X¢ is greater). Therefore, X¢ is inversely proportional to i and thus in- 
versely proportional to capacitance. 

The capacitive reactance is inversely proportional to both fand C. 


1 

Xc is inversely proportional to fC, shown as fC 
Thus far, we have determined a proportional relationship between X¢ and 1/fC. Equation 
12-25 is the complete formula for calculating X¢. The derivation is given in Appendix B. 


1 
Xo = 
OF Date 
Capacitive reactance, X¢, is in ohms when fis in hertz and C is in farads. Notice that 27 


appears in the denominator as a constant of proportionality. This term is derived from the 
relationship of a sine wave to rotational motion. 


Equation 12—25 


age is applied to a capacitor, as shown in Figure 12-45. The fre- 


is 1 kHz. Determine the capacitive reactance. 


= 33.9k0 


Qa X 10°Hz\0.0047 10°F) 


-17 to verify the calculated results in this example and to confirm 
e related problem. 


Ohm’s Law The reactance of a capacitor is analogous to the resistance of a resistor, as —_—____ 
shown in Figure 12-46. In fact, both are expressed in ohms. Since both R and X¢ are forms 
of opposition to current, Ohm’s law applies to capacitive circuits as well as to resistive 


Xe 
circuits. n 
— 4 : - 

Se A FIGURE 12-46 


SS 


IT 


When applying Ohm’s law in ac circuits, you must express both the current and the volt- 
age in the same way, that is, both in rms, both in peak, and so on. 


500 
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0.0056 uF 


— —— = 2.84k0 
< 10° Hz)(0.0056 x 10°F) 


5V 


= 7 8AkO = 1.76mA 


7 to 25 kHz and determine the rms current. 


calculated results in this example and to con- 
problem. 


Power in a Capacitor 


As discussed earlier in this chapter, a charged capacitor stores energy in the electric field 
within the dielectric. An ideal capacitor does not dissipate energy; it only stores it tem- 
porarily. When an ac voltage is applied to a capacitor, energy is stored by the capacitor dur- 
ing a portion of the voltage cycle; then the stored energy is returned to the source during 
another portion of the cycle. There is no net energy loss. Figure 12-48 shows the power 
curve that results from one cycle of capacitor voltage and current. 
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A FIGURE 12-48 


Power curve. 
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Instantaneous Power(p) The product of v and i gives instantaneous power. At points 
where v or i is Zero, p is also zero. When both v and i are positive, p is also positive. When 
either v or i is positive and the other is negative, p is negative. When both v and i are 
negative, p is positive. As you can see, the power follows a sinusoidal-shaped curve. Posi- 
tive values of power indicate that energy is stored by the capacitor. Negative values of 
power indicate that energy is returned from the capacitor to the source. Note that the power 
fluctuates at a frequency twice that of the voltage or current as energy is alternately stored 
and returmed to the source. 


True Power (Pirye) Ideally, all of the energy stored by a capacitor during the positive 
portion of the power cycle is returned to the source during the negative portion. No net en- 
ergy is lost due to conversion to heat in the capacitor, so the true power is zero. Actually, 
because of leakage and foil resistance in a practical capacitor, a small percentage of the to- 
tal power is dissipated in the form of true power. 


Reactive Power (P,) The rate at which a capacitor stores or returns energy is called its 
reactive power. The reactive power is a nonzero quantity, because at any instant in time, 
the capacitor is actually taking energy from the source or returning energy to it. Reactive 
power does not represent an energy loss. The following formulas apply: 


P, = Vimslrms Equation 12—26 
v2 

P,=— Equation 12-27 
Xc 

P, = DensXc Equation 12-28 


Notice that these equations are of the same form as those introduced in Chapter 4 for power 
in a resistor. The voltage and current are expressed in rms. The unit of reactive power is 
VAR (volt-ampere reactive). 


ctive power in Figure 12-49. 


G 


f = 2kHz apes 


alue for the capacitive reactance and then using 


1 


— = 7.96kO 
10° Hzy(0.01 X 10°F) 


~ = 503 x 10° VAR = 503 ¢VAR 
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current and voltage in a capacitor. 
a 30 pF. 
of a 0.1 F capacitor equal to 2kQ? 


12—7 CAPACITOR APPLICATIONS 
Capacitors are widely used in many electrical and electronic applications. 
After completing this section, you should be able to 
¢ Discuss some capacitor applications 
¢ Describe a power supply filter 
« Explain the purpose of coupling and bypass capacitors 


cn [a Re a pkey ae en 


epee 
Un OF Capacitors ap) fo tuned Circt 


If you pick up any circuit board, open any power supply, or look inside any piece of 
electronic equipment, chances are you will find capacitors of one type or another. These 
components are used for a variety of reasons in both de and ac applications. 


Electrical Storage 


One of the most basic applications of a capacitor is as a backup voltage source for low- 
power circuits such as certain types of semiconductor memories in computers. This parti- 
cular application requires a very high capacitance value and negligible leakage. 

The storage capacitor is connected between the dc power supply input to the circuit and 
ground. When the circuit is operating from its normal power supply, the capacitor remains 
fully charged to the dc power supply voltage. If the normal power source is disrupted, 
effectively removing the power supply from the circuit, the storage capacitor temporarily 
becomes the power source for the circuit. 

A capacitor provides voltage and current to a circuit as long as its charge remains suffi- 
cient. As current is drawn by the circuit, charge is removed from the capacitor and the volt- 
age decreases. For this reason, the storage capacitor can only be used as a temporary power 
source. The length of time that a capacitor can provide sufficient power to the circuit 
depends on the capacitance and the amount of current drawn by the circuit. The smaller the 
current and the higher the capacitance, the longer the time a capacitor can provide power to 
a circuit. 
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Power Supply Filtering 


A basic de power supply consists of a circuit known as a rectifier followed by a filter. The 
rectifier converts the 110 V, 60 Hz sinusoidal voltage available at a standard outlet to a pul- 
sating dc voltage that can be either a half-wave rectified voltage or a full-wave rectified 
voltage, depending on the type of rectifier circuit. As shown in Figure 12—51(a), a half- 
wave rectifier removes each negative half-cycle of the sinusoidal voltage. As shown in 
Figure 12—51(b), a full-wave rectifier actually reverses the polarity of the negative portion 
of each cycle. Both half-wave and full-wave rectified voltages are dc because, even though 
they are changing, they do not alternate polarity. 


fy (\ <@ FIGURE 12-51 
Half-wave and full-wave rectifier 
| wave = \y LL operation. 
| i Hz half-wave rectified dc voltage 


110 V rms, 60 Hz ac voltage 
from power outlet 


(a) 


ov! f y y 
120 Hz full-wave rectified dc voltage 


Full-wave 
rectifier 


110V mms, 60 Hz ac voltage 
from power outlet 


(b) 


To be useful for powering electronic circuits. the rectified voltage must be changed to 
constant de voltage because all circuits require constant power. The filter nearly eliminates 
the fluctuations in the rectified voltage and ideally provides a smooth constant-value dc 
voltage to the load that is the electronic circuit, as indicated in Figure 12-52. 


Beno = 


110 V mns, 60 Hz ac 120 Hz full-wave rectified dc is at the Constant dc voltage (ideal) 
rectifier output before the filter is connected 


Full-wave 
rectifier 


Circuit load 


A FIGURE 12-52 


Basic waveforms showing the operation of a dc power supply. 
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60 Hz ac 


(a) 


The Capacitor as a Power Supply Filter Capacitors are used as filters in dc power sup- 
plies because of their ability to store electrical charge. Figure 12—53(a) shows a dc power 
supply with a full-wave rectifier and a capacitor filter. The operation can be described from 
a charging and discharging point of view as follows. Assume the capacitor is initially un- 
charged. When the power supply is first turned on and the first cycle of the rectified volt- 
age occurs, the capacitor will quickly charge through the low forward resistance of the 
rectifier. The capacitor voltage will follow the rectified voltage curve up to the peak of the 
rectified voltage. As the rectified voltage passes the peak and begins to decrease, the ca- 
pacitor will begin to discharge very slowly through the high resistance of the load circuit, 
as indicated in Figure 12—53(b). The amount of discharge is typically very small and is ex- 
aggerated in the figure for purposes of illustration. The next cycle of the rectified voltage 
will recharge the capacitor back to the peak value by replenishing the small amount of 
charge lost since the previous peak. This pattern of a small amount of charging and dis- 
charging continues as long as the power is on. 


de voltage 
cA with ripple 
~ = = Rectifier 
DC voltage Bs ae ' a output voltage : 
g \ a \ S (without capacitor) 


with ripple / y oF XY of 
PP t Yo SRY, \ 


/ Vv Vv \ 


2 eS = 
So S &% & 8b 
Loe 5 #8 §S 58 
resistance 5 tS By is) 
= = a) Qa 


(b) 


A FIGURE 12-53 
Basic operation of a power supply filter capacitor. 


A rectifier is designed so that it allows current only in the direction to charge the capac- 
itor. The capacitor will not discharge back through the rectifier but will only discharge a 
small amount through the relatively high resistance of the load. The small fluctuation in 
voltage due to the charging and discharging of the capacitor is called the ripple voltage. A 
good de power supply has a very small amount of ripple on its dc output. The discharge 
time constant of a power supply filter capacitor depends on its capacitance and the resis- 
tance of the load; consequently, the higher the capacitance value, the longer the discharge 
time and therefore, the smaller the ripple voltage. 


DC Blocking and AC Coupling 


Capacitors are commonly used to block the constant de voltage in one part of a circuit from 
getting to another part. As an example of this, a capacitor is connected between two stages 
of an amplifier to prevent the dc voltage at the output of stage 1 from affecting the dc volt- 
age at the input of stage 2, as illustrated in Figure 12-54. Assume that, for proper operation, 
the output of stage | has a zero dc voltage and the input to stage 2 has a3 V dc voltage. The 
capacitor prevents the 3 V dc at stage 2 from getting to the stage | output and affecting its 
zero value, and vice versa. 

If a sinusoidal signal voltage is applied to the input to stage 1, the signal voltage is in- 
creased (amplified) and appears on the ouput of stage 1, as shown in Figure 12-54. The 
amplified signal voltage is then coupled through the capacitor to the input of stage 2 
where it is superimposed on the 3 V dc level and then again amplified by stage 2. In order 
for the signal voltage to be passed through the capacitor without being reduced, the ca- 
pacitor must be large enough so that its reactance at the frequency of the signal voltage 


Input Output 


A FIGURE 12-54 
An application of a capacitor to block de and couple ac in an amplifier. 


is negligible. In this type of application, the capacitor is known as a coupling capacitor, 
which ideally appears as an open to dc and as a short to ac. As the signal frequency is re- 
duced, the capacitive reactance increases and, at some point, the capacitive reactance be- 
comes large enough to cause a significant reduction in ac voltage between stage 1 and 
stage 2. 


Power Line Decoupling 


Capacitors connected from the de supply voltage line to ground are used on circuit boards 
to decouple unwanted voltage transients or spikes that occur on the de supply voltage be- 
cause of fast switching digital circuits. A voltage transient contains high frequencies that 
may affect the operation of the circuits. These transients are shorted to ground through the 
very low reactance of the decoupling capacitors. Several decoupling capacitors are often 
used at various points along the supply voltage line on a circuit board. 


Bypassing 


Another capacitor application is to bypass an ac voltage around a resistor in a circuit 
without affecting the dc voltage across the resistor. In amplifier circuits, for example, dc 
voltages called bias voltages are required at various points. For the amplifier to operate 
properly, certain bias voltages must remain constant and, therefore, any ac voltages 
must be removed. A sufficiently large capacitor connected from a bias point to ground 
provides a low reactance path to ground for ac voltages, leaving the constant dc bias 
voltage at the given point. At lower frequencies, the bypass capacitor becomes less ef- 
fective because of its increased reactance. This bypass application is illustrated in 
Figure 12-55. 


Signal Filters 


Capacitors are essential to the operation of a class of circuits called filters that are used for 
selecting one ac signal with a certain specified frequency from a wide range of signals with 
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de plus 
ac 


dc only 


Point in circuit where Ry 


dc only is required | c 


» FIGURE 12-55 


Example of the operation of a bypass capacitor. Point A is at ac ground due to the low reactance path 
through the capacitor. 


many different frequencies or for selecting a certain band of frequencies and eliminating all 
others. A common example of this application is in radio and television receivers where it 
is necessary to select the signal transmitted from a given station and eliminate or filter out 
the signals transmitted from all the other stations in the area. 

When you tune your radio or TV, you are actually changing the capacitance in the tuner 
circuit (which is a type of filter) so that only the signal from the station or channel you want 
passes through to the receiver circuitry. Capacitors are used in conjunction with resistors, 
inductors (covered in the next chapter), and other components in these types of filters. The 
topic of filters will be covered in Chapter 18. 

The main characteristic of a filter is its frequency selectivity, which is based on the fact 
that the reactance of a capacitor depends on frequency (X¢ = 1/27fC). 


Timing Circuits 


Another important area in which capacitors are used is in timing circuits that generate spec- 
ified time delays or produce waveforms with specific characteristics. Recall that the time 
constant of a circuit with resistance and capacitance can be controlled by selecting appro- 
priate values for R and C. The charging time of a capacitor can be used as a basic time delay 
in various types of circuits. An example is the circuit that controls the turn indicators on 
your car where the light flashes on and off at regular intervals. 


Computer Memories 


Dynamic memories in computers use very tiny capacitors as the basic storage element 
for binary information, which consists of two binary digits, 1 and 0. A charged capacitor 
can represent a stored | and a discharged capacitor can represent a stored 0. Patterns of 
ls and Os that make up binary data are stored in a memory that consists of an array of ca- 
pacitors with associated circuitry. You will study this topic in a computer or digital fun- 
damentals course. 
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full-wave rectified dc voltages are smoothed out by a filter 


of a coupling capacitor. 
Ipling capacitor be? 


of a decoupling capacitor. 
ti ip of frequency and capacitive reactance is important in 
such as signal filters. 
Capacitor is most important in time-delay applications? 


12-8 SWITCHED-CAPACITOR CIRCUITS 


Capacitors are applied in programmable analog arrays, which are implemented in inte- 
grated circuit (IC) form. Switched-capacitors are used to implement various types of 
programmable analog circuits in which capacitors take the place of resistors. Capaci- 
tors can be implemented on an IC chip more easily than a resistor can, and they offer 
other advantages such as zero power dissipation. When a resistance is required in a 
circuit, the switched capacitor can be made to emulate a resistor. Using switched- 
capacitor emulation, resistor values can be readily changed by reprogramming and 
ate and st e values can be achieved. 


Recall that current is defined in terms of charge Q and time t as 


This formula states that current is the rate at which charge flows through a circuit. Also re- 
call that the basic definition of charge in terms of capacitance and voltage is 


Q=CV 
Substituting CV for Q, the current can be expressed as 


_ov 
~ # 


I 


Basic Operation 


A general model of a switched-capacitor circuit is shown in Figure 12—56. It consists of a 
capacitor, two arbitrary voltage sources (V; and V3), and a two-pole switch. Let’s examine 
this circuit for a specified period of time, T, which is then repeated. Assume that V, and Vz 
are constant during the time period 7. Of particular interest is the average current J, from 
the source V, during the period of time, T. 

During the first half of the time period 7, the switch is in position 1, as indicated in 
Figure 12-56. Therefore, there is a current J; due to V, that is charging the capacitor dur- 
ing the interval from t = 0 to t = 7/2. During the second half of the time period, the 
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(a) 


Equation 12—29 


Equation 12-30 


Sra Position 1 Position 1 
position 
connected 
isa Position 2 
position 
0 TI2 connected T 


(b) 


» FIGURE 12-56 


Basic operation of a switched-capacitor circuit. The voltage source symbol represents a time-varying 
symbol. 


switch is in position 2, as indicated, and there is no current from V,; therefore, the average 
current from the source V, over the time period T is 


Ox7/2) ~ Q10) 
T\(avg) = T 


Qi is the charge at t = O and Q):77) is the charge at t = 7/2. So, Qi72) — Qyo) is the 
net charge transferred while the switch is in position I. 

The capacitor voltage at 7/2 is equal to V;, and the capacitor voltage at 0 or T is equal to 
V>. Using the formula Q = CV and substituting into the previous equation, you obtain 


_ Vicia — CV20) _ Cierny — Voy) 
I (avg) — ip a T 


Since V, and V2 are assumed to be constant during 7, the average current can be expressed as 


_ GY = ) 
T(avg) = a ae 


Figure 12-57 shows an equivalent circuit with a resistor instead of the capacitor and switches. 


>» FIGURE 12-57 
Resistive circuit. 


Applying Ohm’s law to the resistive circuit, the current is 
Vv, — V. 

= ea Ee 

R 


Setting /} (yg) in the switched-capacitor circuit equal to current in the resistive circuit, you have 
CWT = Vy 
ip R 


Canceling the V,; — V2 terms and solving for R gives the equivalent resistance. 


This important result shows that a switched-capacitor circuit can emulate a resistor with a 
value determined by the time 7 and the capacitance C. Remember that the switch is in each 
position for one-half of the time period T and that T can be varied by varying the frequency 
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at which the switches are operated. In a programmable analog device, the switching fre- 
quency is a programmable parameter for each emulated resistor and can be set to achieve a 
precise resistor value. Since T = I/f, the resistance in terms of frequency is 


a 
na 
Practical Switches 


The two-pole switch that has been used to illustrate the basic concept of a switched-capacitor 
circuit is an impractical form for implementation in a programmable amplifier or other ana- 
log circuit. Figure 12-58 shows how the simple two-pole switch can be replaced by two 
single-pole switches in a mechanical analogy. You can see that when SW1 is closed and 
SW2 is open, it is equivalent to the two-pole switch being in position 1. When SW1 is open 
and SW2 is closed, it is equivalent to the two-pole switch being in position 2. 


1 2 
OF es 
Swi Sw2 
=> 


(S 


- 


Switches in electronic circuits are implemented with transistors. A switched-capacitor 
circuit is shown in Figure 12-59 with two transistors (Q, and Q>) acting as the switches. 
Their on and off times are controlled by pulse waveform voltages that are programmable. 
The two pulse waveforms that turn the transistors on and off are 180° out of phase so that 
when one transistor is on, the other is off and vice versa with no overlap. 


Equation 12-31 


<< FIGURE 12-58 
Mechanical switch analogy 


< FIGURE 12-59 


A switched-capacitor with transistor 
switches. 


angle symbol represents an operational amplifier, which is 
irse. For now, you need only be concerned with the input resistor. 
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he switched capacitor value is 1000 pF. You want the switched-capacitor 
k resistor by effectively providing the same average current as the 
tor would. Using the formula R = 7/C, 


T = RC = (10kQ)(1000 pF) = 10 ps 


that each switch must be operated at a frequency of 


1 1 
f= 7 = Togs ~ 100kHe 


is 50% so that the switch is in each position half of the period. Two 
100 kHz, 50% duty cycle voltages that are 180° out-of-phase with 
lied to the transistor switches in Figure 12-61. 


f=100kHz f= 100kHz 


Vout 


Switched-capacitor circuit 


quency must the transistor switches be operated in Figure 12-61 to emulate 
esistor? 


pacitor emulate a resistor? 
ine the resistance value that a given switched-capacitor circuit can 


e i what devices are used for switches? 


a : j 


A Circuit Application 


Capacitors are used in certain types of : ing ac signals. These dc voltages are referred to as bias volt- 


amplifiers to couple the ac signal i ages. As indicated in Figure 12-62(a), a common type of dc 

while blocking the de voltage. Capaci- i bias circuit used in amplifiers is the voltage divider formed by 

tors are used in many other applica- —_!_-R; and Ro, which sets up the proper dc voltage at the input to 
tions, but in this application, you will focus on the coupling : the amplifier. 


capacitors in an amplifier circuit. This topic was introduced in When an ac signal voltage is applied to the amplifier, the in- 
Section 12-7. A knowledge of amplifier circuits is not necessary : put coupling capacitor, C), prevents the internal resistance of the 
for this assignment. : ac source from changing the dc bias voltage. Without the capaci- 

All amplifier circuits contain transistors that require dc i tor, the internal source resistance would appear in parallel with 
voltages to establish proper operating conditions for amplify- R> and drastically change the value of the dc voltage. 


AC signal plus 


424V dc “dc level at this point 


Only ac input 
signal at this point 


AC source 


(a) Amplifier schematic 


A FIGURE 12-62 
A capacitively coupled amplifier. 


The coupling capacitance is chosen so that its reactance (Xc) 
at the frequency of the ac signal is very small compared to the 
bias resistor Values. The coupling capacitance therefore effi- 
ciently couples the ac signal from the source to the input of the 
amplifier. On the source side of the input coupling capacitor 
there is only ac but on the amplifier side there is ac plus de (the 
signal voltage is riding on the dc bias voltage set by the voltage 
divider), as indicated in Figure 12-62(a). Capacitor C) is the 
output coupling capacitor, which couples the amplified ac 
signal to another amplifier stage that would be connected to 
the output. 

You will check three amplifier boards like the one in Figure 
12—62(b) for the proper input voltages using an oscilloscope. If 
the voltages are incorrect, you will determine the most likely 
fault. For all measurements, assume the amplifier has no dc 
loading effect on the voltage-divider bias circuit. 


The Printed Circuit Board and the Schematic 


@ Check the printed circuit board in Figure 12—62(b) to make 


sure it agrees with the amplifier schematic in part (a). 


Testing Board 1 


The oscilloscope probe is connected from channel | to the board 


as shown in Figure 12-63. The input signal from a sinusoidal 
voltage source is connected to the board and set to a frequency 
of 5 kHz with an amplitude of 1 V rms. 


® Determine if the voltage and frequency displayed on the 
scope are correct. If the scope measurement is incorrect, 
specify the most likely fault in the circuit. 


DC voltage-divider 
bias circuit 


A Circuit APPLICATION ® 


(b) Amplifier board 


Testing Board 2 


The oscilloscope probe is connected from channel !| to board 2 
the same as was shown in Figure 12—63 for board 1. The input 
signal from the sinusoidal voltage source is the same as it was 


: for board 1. 


‘ 
r] 


; ® Determine if the scope display in Figure 12-64 is correct. If 


the scope measurement is incorrect, specify the most likely 
fault in the circuit. 


: Testing Board 3 
The oscilloscope probe is connected from channel | to board 
: 3 the same as was shown in Figure 12-63 for board 1. The in- 


put signal from the sinusoidal voltage source is the same as 


i before. 
: @ Determine if the scope display in Figure 12-65 is correct. If 


the scope measurement is incorrect, specify the most likely 
fault in the circuit. 


; Review 


1. Explain why the input coupling capacitor is necessary when 
connecting an ac source to the amplifier. 


2. Capacitor C2 in Figure 12-62 is an output coupling capacitor. 
Generally, what would you expect to measure at the point in 
the circuit labelled C and at the output of the circuit when an 
ac input signal is applied to the amplifier? 
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FORCE TRIGGER 


TRIGGER VIEW 


Note: Ground reference has been @) 


established as indicated by 0 V 


» FIGURE 12-63 
Testing board 1. 


Note: Ground reference has been Note: Ground reference has been 
established as indicated by 0 V. established as indicated by 0 V. 
» FIGURE 12-64 » FIGURE 12-65 


Testing board 2. Testing board 3. 
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SUMMARY 


® A capacitor is composed of two parallel conducting plates separated by an insulating material 
called the dielectric. 


® Energy is stored by a capacitor in the electric field between the plates. 


® One farad is the amount of capacitance when one coulomb of charge is stored with one volt across 
the plates. 


® Capacitance is directly proportional to the plate area and inversely proportional to the plate 
separation. 


The dielectric constant is an indication of the ability of a material to establish an electric field 
The dielectric strength is one factor that determines the breakdown voltage of a capacitor. 
A capacitor blocks constant dc. 


The time constant for a series RC circuit is the resistance times the capacitance. 


o¢¢ 6% UO 


In an RC circuit, the voltage and current in a charging or discharging capacitor make a 63% 
change during each time-constant interval. 


e 


Five time constants are required for a capacitor to charge fully or to discharge fully. This is called 
the transient time. 


Charging and discharging follow exponential curves. 

Total series capacitance is less than that of the smallest capacitor in series. 
Capacitance adds in parallel. 

Current leads voltage by 90° in a capacitor. 


Capacitive reactance, Xc, is inversely proportional to frequency and capacitance. 


eo¢?e? ¢ @ @ 


The true power in a capacitor is zero; that is, no energy is lost in an ideal capacitor due to conver- 
sion to heat. 


KEY TERMS Key terms and other bold terms in the chapter are defined in the end-of-book glossary. 


Capacitive reactance The opposition of a capacitor to sinusoidal current. The unit is the ohm. 


Capacitor An electrical device consisting of two conductive plates separated by an insulating ma- 
terial and possessing the property of capacitance. 


Coulomb’s law A Iaw that states a force exists between two charged bodies that is directly propor- 
tional to the product of the two charges and inversely proportional to the square of the distance be- 
tween them. 


Dielectric The insulating material between the plates of a capacitor. 
Farad (F) The unit of capacitance. 
Instantaneous power (p) The value of power in a circuit at any given instant of time. 


RC time constant A fixed time interval set by R and C values that determines the time response of 
a series RC circuit. It equals the product of the resistance and the capacitance. 


Reactive power (P,) The rate at which energy is alternately stored and returned to the source by a 
capacitor. The unit is the VAR. 


Ripple voltage The small fluctuation in voltage due to the charging and discharging of a capacitor. 
True power (P;,,.) The power that is dissipated in a circuit, usually in the form of heat. 


VAR (volt-ampere reactive ) The unit of reactive power. 


FORMULAS 
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Capacitance in terms of charge and voltage 
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Charge in terms of capacitance and voltage 
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12-3 V= £ Voltage in terms of charge and capacitance 
i é 
12-4 Wwe 3 CV Energy stored by a capacitor 
12-5 £,= = Dielectric constant (relative permittivity) 
0 
Ag,(8.85 X 107 !? F/m) : : : 
12-6 C= a Capacitance in terms of physical parameters 
12-7 Qy = OQ, = Q2 = @3=--:-=2, Total charge of series capacitors (general) 
1 1 1 1 1 : ; : 
12-8 C = C + C + C GC OSG p C Reciprocal of total series capacitance 
T 1 2 3 n (general) 
1 : : 
12-9 Cy = 1 1 1 1 Total series capacitance (general) 
— + — + — $e te 
Gy GG (Gr, 
CC, x . . . 
12-10 Cy; = =—— Total capacitance of two capacitors in series 
CQ, +c, 
Cc : : 
Ww Cy = — Total capacitance of equal-value capacitors 
a in series 
Cy . eRe tian 
12-12 V,= C Vy Capacitor voltage for capacitors in series 
ps 
12-13 Q; = Q; + Q. + Q3 +---+Q, Total charge of parallel capacitors (general) 
12-1440 Cp = Ci + CO, + C3 +°--4+C, Total parallel capacitance (general) 
12-150 Cy = nC Total capacitance of equal-value capacitors 
in parallel 
12-16 7=RC Time constant 
12-17 v = Ve + (V; — Vee” Exponential voltage (general) 
12-18) i= Ip + (G - Ejes Exponential current (general) 
12-19 vy =V,(1 — e “RS Increasing exponential voltage beginning 
at zero 
12-20, vp = Vje— "RE Decreasing exponential voltage ending at 
zero 
12-21 t= —RC in( *) Time on decreasing exponential (V; = 0) 
i 
12-22 t= —RC in(1 = 2 Time on increasing exponential (V; = 0) 
F 
._ | : rae 
12-233 i= at Instantaneous current using charge derivative 
: dv 2 F 
12-244 i=C (“) Instantaneous capacitor current using 
voltage derivative 
12-25 : Capaciti t: 
= = —— acitive reactanc 
t QarfC apacitive re e 
12-26 PP, = -Vems/rms Reactive power in a capacitor 
Vins , é' 
12-27. PP, = oa Reactive power in a capacitor 
c 


i228 Po = Ae Reactive power in a capacitor 
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12-29) Iyavgy = 7 Switched-capacitor average current 
T : : 
12-30 R= Cc Switched-capacitor equivalent resistance 
1 
12-31 R= jc Switched-capacitor equivalent resistance 


Answers are at the end of the chapter. 


1. The following statement(s) accurately describes a capacitor: 
(a) The plates are conductive. 
(b) The dielectric is an insulator between the plates. 
(c) There is constant direct current (dc) through a fully charged capacitor. 
(d) A practical capacitor stores charge indefinitely when disconnected from the source. 
(e) none of the above answers 
(f) all of the above answers 
(g) only answers (a) and (b) 
2. Which one of the following statements is true? 
(a) There is current through the dielectric of a charging capacitor. 


(b) When a capacitor is connected to a dc voltage source, it will charge to the value of the 
source. 


(c) An ideal capacitor can be discharged by disconnecting it from the voltage source. 
3. A capacitance of 0.01 mF is larger than 

(a) 0.00001 F (b) 100,000 pF (c) 1000 pF (d) all of these answers 
4. A capacitance of 1000 pF is smaller than 

(a) 0.01 WF (b) 0.001 nF (c) 0.00000001 F (d) both (a) and (c) 
5. When the voltage across a capacitor is increased, the stored charge 

(a) increases (b) decreases (c) remains constant (d) fluctuates 
6. When the voltage across a capacitor is doubled, the stored charge 

(a) stays the same (b) is halved (c) increases by four (d) doubles 
7. The voltage rating of a capacitor is increased by 

(a) increasing the plate separation (b) decreasing the plate separation 

(c) increasing the plate area (d) answers (b) and (c) 
8. The capacitance value is increased by 

(a) decreasing the plate area (b) increasing the plate separation 


(c) decreasing the plate separation (d) increasing the plate area 


(e) answers (a) and (b) (f) answers (c) and (d) 
9. Al pF, a 2.2 pF, and a 0.047 pF capacitor are connected in series. The total capacitance is 
less than 


(a) 1 pF (b) 2.2 uF (c) 0.047 nF (d) 0.001 nF 
10. Four 0.022 yF capacitors are in parallel. The total capacitance is 
(a) 0.022 pF (b) 0.088 pF (c) 0.011 pF (d) 0.044 uF 


11. An uncharged capacitor and a resistor are connected in series with a switch and a 12 V battery. 
At the instant the switch is closed, the voltage across the capacitor is 


(a) 12V (b) 6V (c) 24V (d) OV 
12. In Question 11, the voltage across the capacitor when it is fully charged is 
(a) 12V (b) 6V (c) 24V (d) —6V 
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13. In Question 11, the capacitor will reach full charge in a time equal to approximately 
(a) RC (b) 5RC (c) 12RC (d) cannot be predicted 


14. A sinusoidal voltage is applied across a capacitor. When the frequency of the voltage is 
increased, the current 


(a) increases (b) decreases (c) remains constant (d) ceases 


15. A capacitor and a resistor are connected in series to a sie wave generator. The frequency is set 
so that the capacitive reactance is equal to the resistance and, thus, an equal amount of voltage 
appears across each component. If the frequency is decreased, 


(a) Vr > Vo (b) Ve > Ve) Vr = Ve 
16. Switched-capacitor circuits are used to 
(a) increase capacitance (b) emulate inductance 


(c) emulate resistance (d) generate sine wave voltages 


IRCUIT DYNAMICS 


Answers are at the end of the chapter. 


Refer to Figure 12-73. 


1. If the capacitors are initially uncharged and the switch is thrown to the closed position, the 
charge on C; 


(a) increases (b) decreases (c) stays the same 

2. If C, is shorted with the switch closed, the charge on C; 
(a) increases (b) decreases (c) stays the same 

3. If the switch is closed and C) fails to open, the charge on C; 
(a) increases (b) decreases (c) stays the same 


Refer to Figure 12-74. 


4. Assume the switch is closed and C is allowed to fully charge. When the switch is opened, the 
voltage across C 


(a) increases (b) decreases (c) stays the same 
5. If C has failed open when the switch is closed, the voltage across C 
(a) increases (b) decreases (c) stays the same 


Refer to Figure 12-77. 


6. If the switch is closed allowing the capacitor to charge and then the switch is opened, the 
voltage across the capacitor 


(a) increases (b) decreases (c) stays the same 

7. If Rz opens, the time it takes the capacitor to fully charge 
(a) increases (b) decreases (c) stays the same 

8. If R, opens, the maximum voltage to which the capacitor can charge 
(a) increases (b) decreases (c) stays the same 

9. If Vs is reduced, the time required for the capacitor to fully change 


(a) increases (b) decreases (c) stays the same 


Refer to Figure 12-80(b). 

10. If the frequency of the ac source is increased, the total current 
(a) increases (b) decreases (c) stays the same 

11. If C, opens, the current through C> 
(a) increases (b) decreases (c) stays the same 

12. If the value of C) is changed to 1 pF, the current through it 


(a) increases (b) decreases (c) stays the same 


SECTION 12-1 


SECTION 12-2 
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More difficult problems are indicated by an asterisk (*). 
Answers to odd-numbered problems are at the end of the book. 


The Basic Capacitor 


1. 


11. 


12. 


13. 


(a) Find the capacitance when Q = 50 pC and V = 10V. 
(b) Find the charge when C = 0.001 pF and V = 1 kV. 
(c) Find the voltage when Q = 2 mC and C = 200 pF. 


. Convert the following values from microfarads to picofarads: 


(a) 0.1 pF (b) 0.0025 nF (c) 4.7 pF 

Convert the following values from picofarads to microfarads: 
(a) 1000 pF (b) 3500 pF (c) 250 pF 

Convert the following values from farads to microfarads: 

(a) 0.0000001 F (b) 0.0022 F (c) 0.0000000015 F 


. How much energy is stored in a 1000 wF capacitor that is charged to 500 V? 


What size capacitor is capable of storing 10 mJ of energy with 100 V across its plates? 


Calculate the absolute permittivity, e, for each of the following materials. Refer to Table 12-3 
for €, values. 


(a) air (b) oil (c) glass (d) Teflon® 


. A mica capacitor has square plates that are 3.8 cm on a side and separated by 2.5 mils. What is 


the capacitance? 


. An air capacitor has a total plate area of 0.05 m2. The plates are separated by 4.5 1074 m. 


Calculate the capacitance. 


A student wants to construct a | F capacitor out of two square plates for a science fair project. 
He plans to use a paper dielectric (e, = 2.5) that is 8 X 10> m thick. The science fair is to be 
held in the Astrodome. Will his capacitor fit in the Astrodome? What would be the size of the 
plates if it could be constructed? 

A student decides to construct a capacitor using two conducting plates 30 cm ona side. He sep- 
arates the plates with a paper dielectric (e, = 2.5) that is 8 X 107° m thick. What is the capac- 
itance of his capacitor? 

At ambient temperature (25°C), a certain capacitor is specified to be 1000 pF It has a negative 
temperature coefficient of 200 ppm/°C. What is its capacitance at 75°C? 

A 0.001 uF capacitor has a positive temperature coefficient of 500 ppm/°C. How much change 
in capacitance will a 25°C increase in temperature cause? 


Types of Capacitors 


14. 
15. 
16. 


In the construction of a stacked-foil mica capacitor, how is the plate area increased? 
Of mica or ceramic, which type of capacitor has the highest dielectric constant? 


Show how to connect an electrolytic capacitor across Rp between points A and B in 
Figure 12-66. 


» FIGURE 12-66 


17. Name two types of electrolytic capacitors. How do electrolytics differ from other capacitors? 
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® FIGURE 12-67 


18. Identify the parts of the ceramic disk capacitor shown in the cutaway view of Figure 12-67 
19. Determine the value of the ceramic disk capacitors in Figure 12-68. 


>» FIGURE 12-68 ® ¥ & * 
(a) (b) (c) (d) 


SECTION 12-3 Series Capacitors 


20. Five 1000 pF capacitors are in series. What is the total capacitance? 


21. Find the total capacitance for each circuit in Figure 12-69. 
22. For each circuit in Figure 12-69, determine the voltage across each capacitor. 


LE 10uF 4.7 nF 


| ,| 100pF 560 pF 390 pF al 


at: 47 uF 
10ov—= 100V = 30V = | 


= = = idl 


2.2 UF 
(a) (b) (c) 


4 FIGURE 12-69 


23. Two series capacitors (one | pF, the other of unknown value) are charged from a 12 V source. 
The | yF capacitor is charged to 8 V and the other to 4 V. What is the value of the unknown 
capacitor? 

24. The total charge stored by the series capacitors in Figure 12~70 is 10 wC. Determine the 
voltage across each of the capacitors. 


>» FIGURE 12-70 Cc, C, C3 Cy 


‘| 4.7 uF luF 22uF 10uF 


SECTION 12-4 Parallel Capacitors 
25. Determine C; for each circuit in Figure 12-71. 


26. What is the charge on each capacitor in Figure 12-71? 
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10,000 pF 


4 


\ 


aah 10 pF sco 


(a) (b) 


* FIGURE 12-71 


27. Determine Cy for each circuit in Figure 12-72. 


A os H 
(4 A 
» [ou 101 [ d _Tioo oF it | | I ff 
000 pF | 470 pF a 
ar al : : es C G, ren 
ea ess Tis: I 


(c) C=1 yF for each capacitor 


(a) (b) 


» FIGURE 12-72 


28. What is the voltage between nodes A and B in each circuit in Figure 12-72? 
*29. Initially, the capacitors in the circuit in Figure 12-73 are uncharged. 
(a) After the switch is closed, what total charge is supplied by the source? 


(b) What is the voltage across each capacitor? 


> FIGURE 12-73 6 
Sie | G 
1 0.01 uF 0.047 pF 
Lec 
122V = 
ioatue baa 


SECTION 12-5 Capacitors in DC Circuits 


30. Determine the time constant for each of the following series RC combinations 
(a) R= 1000,C = 1pF (b) R = 1OMOQ, C = 47 pF 
(ce) R = 4.7kQ, C = 0.0047 pF (d) R = 1.5MO,C = 0.01 pF 

31. Determine how long it takes the capacitor to reach full charge for each of the following 
combinations: 
(a) R = 560,C = 47 pF 
(ec) R = 22k0,C = 100 pF 


(b) R = 33000, C = 0.015 pF 
(d) R = 5.6MQ,C = 10pF 
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32. In the circuit of Figure 12—74, the capacitor is initially uncharged. Determine the capacitor 
voltage at the following times after the switch is closed: 


(a) 10 ps (b) 20 ps (c) 30 ys (d) 40 ps (e) 50 ps 


» FIGURE 12-74 R 


33. In Figure 12-75, the capacitor is charged to 25 V. When the switch is closed, what is the 
capacitor voltage after the following times? 


(a) 1.5 ms (b) 4.5 ms (c) 6ms (d) 7.5 ms 


* FIGURE 12-75 ico 
o 
(3 R 
oa 1.5 FE 


1.0kO 


34, Repeat Problem 32 for the following time intervals: 
(a) 2s (b) Sys (c) 15 ps 

35. Repeat Problem 33 for the following times: 
(a) 0.5 ms (b) 1 ms (c) 2ms 


*36. Derive the formula for finding the time at any point on an increasing exponential voltage curve. 
Use this formula to find the time at which the voltage in Figure 12—76 reaches 6 V after switch 
closure. 


® FIGURE 12-76 


R 
a 2.2 kO. | c 
aL it 0.01 uF 


37. How long does it take C to charge to 8 V in Figure 12-74? 
38. How long does it take C to discharge to 3 V in Figure 12~75? 


39. Determine the time constant for the circuit in Figure 12-77. 


@ 
0.0022 iF 


* FIGURE 12-77 


f=1kHz c 1 Hz Cc C 60 Hz Hee 
i : | 10uF * | 15 uF | C 


(a) 
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*40. In Figure 12-78, the capacitor is initially uncharged. Att = 10 ys after the switch is closed 
the instantaneous capacitor voltage is 7.2 V. Determine the value of R. 


ner 
i 


ove 1000 pF 


» FIGURE 12-78 


*Al1. (a) The capacitor in Figure 12-79 is uncharged when the switch is thrown into position 1. The 
switch remains in position | for 10 ms and is then thrown into position 2, where it remains 
indefinitely. Draw the complete waveform for the capacitor voltage. 

(b) If the switch is thrown back to position | after 5 ms in position 2, and then left in position 
1, how would the waveform appear? 


A 
Oo 
24kO. 
+ Ry R, 
20V = 33 kN 10k0 
a c 


» FIGURE 12-79 


SECTION 12-6 Capacitors in AC Circuits 
42. What is the value of the total capacitive reactance in each circuit in Figure 12-80? 


(b) (c) 


» FIGURE 12-80 


43. In Figure 12-72, each de voltage source is replaced by a 10 V rms, 2 kHz ac source. Determine 
the total reactance in each case. 

44. In each circuit of Figure 12-80, what frequency is required to produce an X¢ of 100 .? An Xc 
of 1k? 

45. A sinusoidal voltage of 20 V rms produces an rms current of 100 mA when connected to a 
certain capacitor. What is the reactance? 

46. A 10 kHz voltage is applied to a 0.0047 wF capacitor, and 1 mA of rms current is measured 
What is the value of the voltage? 

47. Determine the true power and the reactive power in Problem 46. 
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*48. Determine the ac voltage across each capacitor and the current in each branch of the circuit in 
Figure 12-81. 


Cc C; 
nae ale 
0.01 wF 0.015 wF 0.01 nF 
10V, ie a Ca 
f=300EE i | 0.047 uF CG. 
| 0.015 uF 


4 FIGURE 12-81 


49. Find the value of C, in Figure 12-82. 


*50. If C4 in Figure 12-81 opened, determine the voltages that would be measured across the other 
capacitors. 


C. C3 
5 Vrms 2 0.0015 uF 


0.0022 uF il Xe, = 7500 


» FIGURE 12-82 


SECTION 12-7 Capacitor Applications 


51. If another capacitor is connected in parallel with the existing capacitor in the power supply fil- 
ter of Figure 12-53, how is the ripple voltage affected? 


52. Ideally, what should the reactance of a bypass capacitor be in order to eliminate a 10 kHz ac 
voltage at a given point in an amplifier circuit? 


SECTION 12-8 Switched-Capacitor Circuits 


53. The capacitor in a switched-capacitor circuit has a value of 2200 pF and is switched with a 
waveform having a period of 10 ys. Determine the value of the resistor that it emulates. 


54. In a switched-capacitor circuit, the 100 pF capacitor is switched at a frequency of 8 kHz. What 
resistor value is emulated? 


" Multisim Troubleshooting and Analysis 
These problems require your Multisim CD-ROM. 
55. Open file P12-55 and measure the voltage across each capacitor. 
56. Open file P12-56 and measure the voltage across each capacitor. 


57. Open file P12-57 and measure the current. Decrease the frequency by one-half and measure 
the current again. Double the original frequency and measure the current again. Explain your 
observations. 


58. Open file P12-58 and find the open capacitor if there is one 
59. Open file P12-59 and find the shorted capacitor if there is one. 


SECTION 12-1 


SECTION 12-2 


SECTION 12-3 


SECTION 12-4 


SECTION 12-5 


SECTION 12-6 


SECTION 12-7 
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SECTION REVIEWS 


The Basic Capacitor 
1. Capacitance is the ability (capacity) to store electrical charge. 
2. (a) 1,000,000 uFin1F (b) 1X 10'pFin1F (ce) 1,000,000 pF in 1 pF 
3. 0.0015 uF = 1500 pF; 0.0015 nF = 0.0000000015 F 
4. W= 4CV? = 1.125 pI 


5. (a) C increases. (b) C decreases. 
6. (1000 V/mil) (2 mil) = 2kV 
7. C = 2.01) pF 

Types of Capacitors 


1. Capacitors can be classified by the dielectric material. 


2. The capacitance value of a fixed capacitor cannot be changed; the capacitance value of a vari- 
able capacitor can be changed. 


3. Electrolytic capacitors are polarized. 


4. When connecting a polarized capacitor, make sure the voltage rating is sufficient. Connect the 
positive end to the positive side of the circuit. 


Series Capacitors 
1. Series Cy is less than smallest C. 
2G, ole 
3. Cy = 0.006 uF 
4. Cy = 20pF 
5. Vo, = 75.2V 
Parallel Capacitors 


1. The values of the individual capacitors are added in parallel. 
2. Achieve Cy by using five 0.01 ,F capacitors in parallel. 
3. Cr = 167 pF 


Capacitors in DC Circuits 
lL. 7 = RC= 1.2 ps 
2. 57 = 6ys; Vc = 4.97 V 
3. Voms = 8.65 V3 V3ms = 9.50 V; Vams = 9-82 V3 V5ms = 9.93 V 
4. vc = 36.8V 


Capacitors in AC Circuits 
1. Current leads voltage by 90° in a capacitor 
2. Xc = W/2afC = 637kO 
3. f = 1/27X-C = 796 Hz 
4. [pms = 629mA 
5. Prec — OW 
6. P, = 0.453 VAR 


Capacitor Applications 


1. Once the capacitor charges to the peak voltage, it discharges very little before the next peak 
thus smoothing the rectified voltage. 


2. A coupling capacitor allows ac to pass from one point to another, but blocks constant dc. 


524 ¢ Capacitors 


3. A coupling capacitor must be large enough to have a negligible reactance at the frequency that 
is to be passed without opposition. 


4. A decoupling capacitor shorts power line voltage transients to ground. 
5. Xc is inversely proportional to frequency and so is the filter’s ability to pass ac signals. 
6. Capacitance 


SECTION 12-8 Switched-Capacitor Circuits 
1. By moving the same amount of charge corresponding to the current in the equivalent resistance 
2. Switching frequency and capacitance value 


3. Transistors 


A Circuit Application 
1. The coupling capacitor prevents the source from affecting the dc voltage but passes the input 
signal. 
2. An ac voltage riding on a dc voltage is at point C. An ac voltage only at the output. 


RELATED PROBLEMS FOR EXAMPLES 
12-1 100kV 

12-2 0.047 uF 

12-3 100 x 10°pF 
12-4 0.697 pF 

12-5 1.54 pF 

12-6 278 pF 

12-7 0.011 pF 

12-8 2.83V 

12-9 650 pF 

12-10 0.09 pF 

12-11 891 ps 

12-12 8.36V 

12-13 8.13 V 

12-14 ~0.74 ms; 95 V 
12-15 1.52 ms 
12-16 0.42V 

12-17 3.39 kHz 
12-18 4.40290° mA 
12-19 0 W; 1.01 mVAR 
12-20 178.57 kHz 


SELF-TEST 
1. (g) 2. (b) 3. ©) 4. (d) 5. (a) 6. (d) 7. (a) 8. (f 
9. (c) 10. (b) 11. (d) 12. (a) 13. (b) 14. (a) 15. (b) 16. (c) 


CIRCUIT DYNAMICS QUIZ 
1. (a) 2. (©) 3. (©) 4.() 5.(a 6b) 7. a) 8. a) 
%(¢) 0@ W1©@ 12% 


The Basic Inductor Study aids for this chapter are available at 
Types of Inductors http://www. prenhall.com/floyd 

Series and Parallel Inductors 
Inductors in DC Circuits 


Inductors in AC Circuits ; You have learned about the resistor and the capacitor. In this 
Inductor Applications chapter, you will learn about a third type of basic passive 
A Circuit Application component, the inductor, and study its characteristics. 
The basic construction and electrical properties of induc- 
_ —— — tors are discussed, and the effects of connecting them in se- 
pct et A ll: © ries and in parallel are analyzed. How an inductor works in 


Describe the basic construction and characteristics of an inductor both de and ac circuits is an important part of this coverage 
and forms the basis for the study of reactive circuits in terms 
of both frequency response and time response. You will also 
learn how to check for a faulty inductor. 


Discuss various types of inductors 


» Analyze series and parallel inductors 


Analyze inductive dc switching circuits The inductor, which is basically a coil of wire, is based on 

Analyze inductive ac circuits the principle of electromagnetic induction, which you stud- 

Disciss Semediftiuctaiia plicated ied in Chapter 10. Inductance is the property of a coil of oe 
wire that opposes a change in current. The basis for induc- : 
tance is the electromagnetic field that surrounds any conduc- ad 
tor when there is current through it. The electrical 

= ft War la i i i =e. 
indiictor ® Henry (H) component designed to have the property of inductance is & 
Le . called an inductor, coil, or in certain applications a choke. All 
Winding ¢ RL time constant of these terms refer to the same type of device. . 
* Induced voltage @ Inductive reactance 

Inductance Quality factor (Q) 

f | VIEV = 
sl a 


In the circuit application, you will determine the inductance 
‘of coils by measuring the time constant of a test circuit using 
oscilloscope waveforms. 
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13-1 Tue Basic INDUCTOR 


An inductor is a passive electrical component formed by a wire wound around a core 
and which exhibits the property of inductance. 


After completing this section, you should be able to 
¢ Describe the basic construction and characteristics of an inductor 


@ Define inductance and state its unit 


e 


Discuss induced voltage 


e 


¢ Specify how the physical characteristics affect inductance 


Explain how an inductor stores energy 


BIOGRAPHY 


on an iron core and first observed 
the effects of electromagnetic 
induction in 1830, a year before 
Faraday, but he did not publish his 
findings. Henry did obtain credit 
for the discovery of self-induction, 
however. The unit of inductance is 
named in his honor. (Photo credit: 
Courtesy of the Smithsonian 
Institution. Photo number 59,054.) 


When a length of wire is formed into a coil, as shown in Figure 13-1, it becomes an 
inductor. The terms coil and inductor are used interchangeably. Current through the coil pro- 
duces an electromagnetic field, as illustrated. The magnetic lines of force around each loop 
(turn) in the winding of the coil effectively add to the lines of force around the adjoining 
loops, forming a strong electromagnetic field within and around the coil. The net direction 
of the total electromagnetic field creates a north and a south pole. 


» FIGURE 13-1 


A coil of wire forms an inductor. 
When there is current through it, a 
three-dimensional electromagnetic 
field is created, surrounding the coil 
in all directions. 


To understand the formation of the total electromagnetic field in a coil, consider the in- 
teraction of the electromagnetic fields around two adjacent loops. The magnetic lines of 
force around adjacent loops are each deflected into a single outer path when the loops are 
brought close together. This effect occurs because the magnetic lines of force are in oppos- 
ing directions between adjacent loops and therefore cancel out when the loops are close to- 
gether, as illustrated in Figure 13-2. The total electromagnetic field for the two loops is 
depicted in part (b). This effect is additive for many closely adjacent loops in a coil; that is, 


Opposing fields 
between loops 


Ya mall 


(a) Separated (b) Closely adjacent loops; 
opposing fields between 
loops cancel. 


& FIGURE 13-2 


Interaction of magnetic lines of force in two adjacent loops of a coil 


each additional loop adds to the strength of the electromagnetic field. For simplicity, only 
single lines of force are shown, although there are many. Figure 13—3 shows a schematic 
symbol for an inductor. 


inductance 


When there is current through an inductor, an electromagnetic field is established. When 
the current changes, the electromagnetic field also changes. An increase in current expands 
the electromagnetic field, and a decrease in current reduces it. Therefore, a changing cur- 
rent produces a changing electromagnetic field around the inductor. In turn, the changing 
electromagnetic field causes an induced voltage across the coil in a direction to oppose 
the change in current. This property is called self-inductance but is usually referred to as 
simply inductance, symbolized by L. 


Inductance is a measure of a coil’s ability to establish an induced voltage as a re- 
sult of a change in its current, and that induced voltage is in a direction to oppose 
the change in current. 


The inductance (LZ) of a coil and the time rate of change of the current (di/dt) determine 
the induced voltage (vj,q)- A change in current causes a change in the electromagnetic field, 
which, in turn, induces a voltage across the coil, as you know. The induced voltage is di- 
rectly proportional to L and di/dt, as stated by the following formula: 


di 
Ving = L dt 


This formula indicates that the greater the inductance, the greater the induced voltage. 
Also, it shows that the faster the coil current changes (greater di/dt), the greater the induced 
voltage. Notice the similarity of Equation 13—1 to Equation 12—24: i = C(dv/dt). 


The Unit of Inductance The hemry (A) is the basic unit of inductance. By definition, the 
inductance of a coil is one henry when current through the coil, changing at the rate of one 
ampere per second, induces one volt across the coil. The henry is a large unit, so in practical 
applications, millihenries (mH) and microhenries (44H) are the more common units. 
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» FIGURE 13-3 
Symbol for inductor. 


Equation 13-1 
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EXAMPLE 13-1 Determine the induced voltage across a 1 henry (1 H) inductor when the current is 


changing at a rate of 2 A/s. 


Solution Vind = (2) = (1H)(2 A/s) = 2V 


dt 


Related Problem’ Determine the inductance when a current changing at a rate of 10 A/s causes 50 V to 


be induced. 


* Answers are at the end of the chapter. 


Energy Storage An inductor stores energy in the electromagnetic field created by the 
current. The energy stored is expressed as follows: 


1 
W=-LP 
2 


As you can see, the energy stored is proportional to the inductance and the square of the cur- 
rent. When current (/) is in amperes and inductance (ZL) is in henries, energy (W) is in joules. 


Physical Characteristics of an Inductor 


The following parameters are important in establishing the inductance of a coil: permeability 
of the core material, number of turns of wire, core Jength, and cross-sectional area of the core 


Equation 13-2 
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Equation 13-3 


Core Material As discussed earlier, an inductor is basically a coil of wire that sur- 
rounds a magnetic or nonmagnetic material called the core. Examples of magnetic mate- 
rials are iron, nickel, steel, cobalt, or alloys. These materials have permeabilities that are 
hundreds or thousands of times greater than that of a vacuum and are classified as ferro- 
magnetic. A ferromagnetic core provides a better path for the magnetic lines of force and 
thus permits a stronger magnetic field. Examples of nonmagnetic materials are air, 
copper, plastic, and glass. The permeabilities of these materials are the same as for a 
vacuum. 

As you learned in Chapter 10, the permeability (4) of the core material determines 
how easily a magnetic field can be established, and is measured in Wb/At+ m, which is 
the same as H/m. The inductance is directly proportional to the permeability of the core 
material. 


Physical Parameters As indicated in Figure 13-4, the number of turns of wire, the 
length, and the cross-sectional area of the core are factors in setting the value of inductance. 
The inductance is inversely proportional to the length of the core and directly proportional 
to the cross-sectional area. Also, the inductance is directly related to the number of turns 
squared. This relationship is as follows: 


; 


L 


where L is the inductance in henries (H), N is the number of turns of wire, yz is the perme- 
ability in henries per meter (H/m), A is the cross-sectional area in meters squared, and I is 
the core length in meters (m). 


> FIGURE 13-4 taint a 
Physical parameters of an inductor. TTT oa 


Core material 


Number of 
tums, NV 


The inductance of the coil is 


L 


_ N'pA _ (350)°(0.25 x 1073 H/m)(1.96 X 10° m?) 
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I 0.015 m 


Winding Resistance 


When a coil is made of a certain material, for example, insulated copper wire, that wire has 
acertain resistance per unit of length. When many turns of wire are used to construct a coil, 
the total resistance may be significant. This inherent resistance is called the dc resistance 
or the winding resistance (Rw). 

Although this resistance is distributed along the length of the wire, it effectively appears 
in series with the inductance of the coil, as shown in Figure 13-6. In many applications, the 
winding resistance may be small enough to be ignored and the coil can be considered an 
ideal inductor. In other cases, the resistance must be considered. 


(a) The wire has resistance distributed 
along its length. 


(b) Equivalent circuit 


» FIGURE 13-6 
Winding resistance of a coil. 


Winding Capacitance 


When two conductors are placed side by side, there is always some capacitance between 
them. Thus, when many turns of wire are placed close together in a coil, a certain amount 
of stray capacitance, called winding capacitance (Cy), is a natural side effect. In many ap- 
plications, this winding capacitance is very small and has no significant effect. In other 
cases, particularly at high frequencies, it may become quite important. 

The equivalent circuit for an inductor with both its winding resistance (Ry) and its 
winding capacitance (Cy) is shown in Figure 13—7. The capacitance effectively acts in par- 
allel. The total of the stray capacitances between each loop of the winding is indicated in a 
schematic as a capacitance appearing in parallel with the coil and its winding resistance, as 
shown in Figure 13—7(b). 


-| K -| K. cf IK. 
/ Mt Av] \ 


(a) Stray capacitance between each loop 
appears as a total parallel capacitance (Cy). 


(b) Equivalent circuit 


» FIGURE 13-7 


Winding capacitance of a coil. 


= 40mH 


| Problem Determine the inductance of a coil with 90 turns around a core that is 1.0 cm long and 
has a diameter of 0.8 cm. The permeability is 0.25 107? H/m. 


Be careful when 
working with 
inductors because 
high induced voltages 
can be developed due 
to a rapidly changing 
magnetic field. This occurs when 
the current is interrupted or its 
value abruptly changed. 
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ir 

following Faraday’s lead and 
formulated the principle of 
electromagnetism, which defines 
the polarity of induced voltage in 
a coil. The statement of this 
principle is named in his honor. 
(Photo credit: AIP Emilio Segré 
Visual Archives, E. Scott Barr 
Collection.) 


Equation 13-4 


Review of Faraday’s Law 


Faraday’s law was introduced in Chapter 10 and is reviewed here because of its importance 
in the study of inductors. Michael Faraday discovered the principle of electromagnetic in- 
duction in 1831. He found that by moving a magnet through a coil of wire, a voltage was 
induced across the coil and that when a complete path was provided, the induced voltage 
caused an induced current. Faraday observed that 


The amount of voltage induced in a coil is directly proportional to the rate of 
change of the magnetic field with respect to the coil. 


This principle is illustrated in Figure 13-8, where a bar magnet is moved through a coil of 
wire. An induced voltage is indicated by the voltmeter connected across the coil. The faster 
the magnet is moved, the greater the induced voltage. 


» FIGURE 13-8 


Induced voltage created by a => 
changing magnetic field. 


When a wire is formed into a certain number of loops or turns and is exposed to a chang- 
ing magnetic field, a voltage is induced across the coil. The induced voltage is proportional 
to the number of turns of wire in the coil, NV, and to the rate at which the magnetic field 
changes. The rate of change of the magnetic field is designated dd/dt, where @ is the mag- 
netic flux. The ratio dd/dt is expressed in webers/second (Wb/s). Faraday’s law states that 
the induced voltage across a coil is equal to the number of turns (loops) times the rate of 
flux change and is expressed in concise form as follows: 


d 
Ving = N (<*) 


Apply Faraday’s law to find the induced voltage across a coil with 500 turns located in 
a magnetic field that is changing at a rate of 5 Wb/s. 


dp 


Vind = n=) = (500t)(5 Wb/s) = 2.5kV 


Wem A 1000 turn coil has an induced voltage of 500 V across it. What is the rate of change 


of the magnetic field? 


Lenz’s Law 
Lenz’s law was introduced in Chapter 10 and is restated here. 


When the current through a coil changes, an induced voltage is created as a result 
of the changing electromagnetic field and the polarity of the induced voltage is 
such that it always opposes the change in current. 


Figure 13—9 illustrates Lenz’s law. In part (a), the current is constant and is limited by 
R,. There is no induced voltage because the electromagnetic field is unchanging. In part (b), 


(a) Switch open: Constant current and constant 
magnetic field; no induced voltage. 


ie + J, increases 


(c) Right after switch closure: The rate of expansion 
of the magnetic field decreases, allowing the 
current to increase exponentially as induced 
voltage decreases. 


[/- same as J, + J, prior to switch opening 


uitigy 


| *Aagyr’ 
allie , 


(e) At instant of switch opening: Magnetic field 


begins to collapse, creating an induced voltage, 
which opposes a decrease in current. 


R, Ry 


» FIGURE 13-9 
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switch closure 


i I, + J, same as 1), before 


(b) At instant of switch closure: Expanding magnetic 


field induces voltage, which opposes an increase in 
total current. The total current remains the same 


at this instant. 


ie + J, constant 


(d) Switch remains closed: Current and magnetic field 
reach constant value. 


F 7, decreases 
vi 


(f) After switch opening: Rate of collapse of magnetic 
field decreases, allowing current to decrease 
exponentially back to original value. 


Demonstration of Lenz’s law in an inductive circuit: When the current tries to change suddenly, the 
electromagnetic field changes and induces a voltage in a direction that opposes that change in current. 


the switch suddenly is closed, placing R2 in parallel with R, and thus reducing the resis- 
tance. Naturally, the current tries to increase and the electromagnetic field begins to ex- 
pand, but the induced voltage opposes this attempted increase in current for an instant. 

In Figure 13-9(c), the induced voltage gradually decreases, allowing the current to in- 
crease. In part (d), the current has reached a constant value as determined by the parallel re- 
sistors, and the induced voltage is zero. In part (e), the switch has been suddenly opened, 


Sd 
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and, for an instant, the induced voltage prevents any decrease in current, and arcing be- 
tween the switch contacts results. In part (f), the induced voltage gradually decreases, 
allowing the current to decrease back to a value determined by R,. Notice that the induced 
voltage has a polarity that opposes any current change. The polarity of the induced volt- 
age is opposite that of the battery voltage for an increase in current and aids the battery 
voltage for a decrease in current. 


contribute to the inductance of a coil. 
H inductor is changing at the rate of 500 mA/s. What is the 


when 


of the core is decreased 
‘is replaced by an air core 
have some winding resistance. 
ve some winding capacitance. 


13—2 Types oF INDUCTORS 
Inductors normally are classified according to the type of core material. 
After completing this section, you should be able to 


¢ Discuss various types of inductors 


Inductors are made in a variety of shapes and sizes. Basically, they fall into two general 
categories: fixed and variable. The standard schematic symbols are shown in Figure 13-10. 

Both fixed and variable inductors can be classified according to the type of core mate- 
rial. Three common types are the air core, the iron core, and the ferrite core. Each has a 
unique symbol, as shown in Figure 13-11. 

Adjustable (variable) inductors usually have a screw-type adjustment that moves a slid- 
ing core in and out, thus changing the inductance. A wide variety of inductors exist, and 
some are shown in Figure 13-12. Small fixed inductors are frequently encapsulated in an 
insulating material that protects the fine wire in the coil. Encapsulated inductors have an 
appearance similar to a resistor. 


>» FIGURE 13-10 =i — 6 


Symbols for fixed and variable (a) Fixed (b) Variable 
inductors. 


> FIGURE 13-11 —_— ——= 


Inductor symbols. “VOT “TTT “HTT 


(a) Air core (b) Iron core (c) Ferrite core 
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~~ FIGURE 13-12 


Typical inductors. 


13—3 SERIES AND PARALLEL INDUCTORS 


When inductors are connected in series, the total inductance increases When inductors 
are connected in parallel, the total inductance decreases. 


After completing this section, you should be able to 


° Anal, ze series and parallel inductors 


Total Series Inductance 


When inductors are connected in series, as in Figure 13-14, the total inductance, Ly, is the 
sum of the individual inductances. The formula for Ly is expressed in the following equa- 
tion for the general case of n inductors in series: 


Ly =, tin +1, +---+L, Equation 13-5 


534 


e 


INDUCTORS 


Equation 13-6 


Equation 13-7 


» FIGURE 13-14 e 


Ly L, L, 
Inductors in series. oN — in 010 WIT 


Notice that the calculation of total inductance in series is analogous to the calculations of 
total resistance in series (Chapter 5) and total capacitance in parallel (Chapter 12). 


iductance for each of the series connections in Figure 13-15. 


2mH 10mH 1000”H 


Total Parallel Inductance 


When inductors are connected in parallel, as in Figure 13-16, the total inductance is less 
than the smallest inductance. The general formula states that the reciprocal of the total in- 
ductance is equal to the sum of the reciprocals of the individual inductances. 


You can calculate total inductance, Ly, by taking the reciprocal of both sides of 
Equation 13-6. 


1 


“OOO 


The calculation for total inductance in parallel is analogous to the calculations for total 
parallel resistance (Chapter 6) and total series capacitance (Chapter 12). For series-parallel 
combination of inductors, determine, the total inductance is in the same way as total resis- 
tance in resistive circuits. 


>» FIGURE 13-16 


Inductors in parallel. 
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EXAMPLE 13-5 Determine Ly in Figure 13-17. 


FIGURE 13-17 


Solution Use Equation 13-7 to determine the total inductance 


1 
tt Ci st 


G)*G)*(e) toma * sma ae 
—}+{(—}+(— + —— + —— 
Lj Ly L;)/ 10mH S5mH 2mH 


Related Problem Determine Ly for a parallel connection of 50 wH, 80 wH, 100 wH, and 150 nH. 


combining inductors in series. 
ries connection of 100 ;zH, 500 jzH, and 2 mH? 
Is are connected in series. What is the total inductance? 


id 60 wH 
1, 50 mH, and 10 mH 


13-4 INpDucTorsS IN DC Circuits 


Energy is stored in the electromagnetic field of an inductor when it is connected to a 
dc voltage source. The buildup of current through the inductor occurs in a predictable 
manner, which is dependent on the time constant determined by the inductance and the 
resistance in a circuit. 


After completing this section, you should be able to 
e Analyze inductive dc switching circuits 
e Describe the increase and decrease of current an inductor 
@ Define RL time constant 
e Describe induced voltage 


¢ Write the exponential equations for current in an inductor 


When there is constant direct current in an inductor, there is no induced voltage. There 
is, however, a voltage drop due to the winding resistance of the coil. The inductance it- 
self appears as a short to de. Energy is stored in the electromagnetic field according to 
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Equation 13-8 


the formula previously stated in Equation 13—2, W = YI". The only energy conversion 
to heat occurs in the winding resistance (P = PRyy- This condition is illustrated in 
Figure 13-18. 


> FIGURE 13-18 PaPRy 

5 Conversion of electrical 
mie et Lio! and gels Causa es energy to heat due to Energy stored 
heat in an inductor in a de circuit. winding resistance in magnetic field 


fe 


W=LI2 


The RL Time Constant 


Because the inductor’s basic action is to develop a voltage that opposes a change in its cur- 
rent, it follows that current cannot change instantaneously in an inductor. A certain time is 
required for the current to make a change from one value to another. The rate at which the 
current changes is determined by the RL time constant. 


The RL time constant is a fixed time interval that equals the ratio of the induc- 
tance to the resistance. 


The formula is 


(for R = 2.2kQ and L = 500 nH. 


Current in an Inductor 


Increasing Current Inaseries RL circuit, the current will increase to approximately 63% 
of its full value in one time-constant interval after voltage is applied. This buildup of current 
is analogous to the buildup of capacitor voltage during the charging in an RC circuit; they 
both follow an exponential curve and reach the approximate percentages of the final current 
as indicated in Table 13-1 and as illustrated in Figure 13-19. 

The change in current over five time-constant intervals is illustrated in Figure 13—20. 
When the current reaches its final value at 57, it ceases to change. At this time, the induc- 
tor acts as a short (except for winding resistance) to the constant current. The final value of 
the current is 


Vs 10V 


L=—= = 10mA 
os Tom 


NUMBER 
OF TIME 


CONSTANTS 


1 
2 
3 
4 
5 


63 
86 
OF 
98 
99 (considered 100%) 


Ty (final value) | 7- 


A FIGURE 13-19 
Increasing current in an inductor. 


\ 
— > 
| P=0 
Vs ater 
10V + 
it 
“SJ 10mH 
(a) Initially (¢ = 0) 
| ai 
—_———_ 
t 
R 
10ko. 
Ve a 
10V == 
. L 
-=) 10 mH 
(d) Atr = 37 


A FIGURE 13-20 


APPROXIMATE 
% OF FINAL 
CURRENT 
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» TABLE 13-1 


Percentage of the final current after 
each time-constant interval during 
current buildup. 


=H 198% - 


Pett 


rares 
cf 


% (considered to be 100%) 
ao 


Bitty 


(b) Att = Iv 


= 


R SR 


10k0 10k0 
co — 
10v == + 10V ==" 
" L iE 
10 mH 10 mH 


(e) Atr=47 


(c) Ati = 27 


(f) Att = 57 


Illustration of the exponential buildup of current in an inductor. The current increases approximately 
63% during each time-constant interval after the switch is closed. A voltage (v,) is induced in the coil 


that tends to oppose the increase in current. 
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nstant for Figure 13-21. Then determine the current and the time 
It interval, measured from the instant the switch is closed. 


Decreasing Current Current in an inductor decreases exponentially according to the ap- 
proximate percentage values in Table 13-2 and in Figure 13-22. 

The change in current over five time-constant intervals is illustrated in Figure 13—23. 
When the current reaches its final value of approximately 0 A, it ceases to change. Before 


wel NUMBER OF APPROXIMATE % OF 
Percentage of initial current after TIME CONSTANTS INITIAL CURRENT 
each time-constant interval while 
current is decreasing. 
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i zu im _ HET 13 4 
Sear 2% 1% (considered to be 0) 
0 Ir 2r 3r Ar Sr 


A FIGURE 13-22 
Decreasing current in an inductor. 


ae ain 
Vy = 
10 = 10 V 
10 a o 
(a) Initially (¢ = 0) {b) Att = Iv 
Ry 
1.0kO0 
Vs Vs SL 
10V isin 10V _-o 
1s 
10 mH 
(d) Att = 37 (f) Att = 57 (7 is assumed to be 0) 


A FIGURE 13-23 

Wustration of the exponential decrease of current in an inductor. The current decreases approxi- 
mately 63% during each time-constant interval after the switch is opened. A voltage (v,) is induced in 
the coil that tends to oppose the decrease in current. 


the switch is opened, the current through L is at a constant value of 10 mA, which is deter- 
mined by R, because L acts ideally as a short. When the switch is opened, the induced 
inductor voltage initially provides 10 mA through R. The current then decreases by 63% 
during each time constant interval. 

A good way to demonstrate both increasing and decreasing current in an RL circuit is to 
use a square wave voltage as the input. The square wave is a useful signal for observing the 
de response of a circuit because it automatically provides on and off action similar to a 
switch. (Time response will be covered further in Chapter 20.) When the square wave goes 
from its low level to its high level, the current in the circuit responds by exponentially rising 
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to its final value. When the square wave returns to the zero level, the current in the circuit 
responds by exponentially decreasing to its zero value. Figure 13-24 shows input voltage 
and current waveforms. 


» FIGURE 13-24 


‘urrent will increase exponentially and during each time constant 
lue equal to the percentage of the final current given in Table 


i = 0.63(0.25 mA) = 0.158 mA 


uare-wave input has been at the 0 V level for 0.1 ms, or 17; and the 
1 the maximum value toward its final value of 0 mA by 63%. 


0.25 mA — 0.63(0.25 mA) = 0.092 mA 


2 ms and 0.8 ms? 


Voltages in a Series RL Circuit 


As you know, when current changes in an inductor, a voltage is induced. Let’s examine 
what happens to the induced voltage across the inductor in the series circuit in Figure 
13-25 during one complete cycle of a square wave input. Keep in mind that the generator 
produces a level that is like switching a dc source on and then puts an “automatic” low resis- 
tance (ideally zero) path across the source when it returns to its zero level. 

An ammeter placed in the circuit shows the current in the circuit at any instant in time. The 
V,, waveform is the voltage across the inductor. In Figure 13—25(a), the square wave has just 
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(b) 


(d) 


4 FIGURE 13-25 
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EXAMPLE 13-9 


Solution 


Related Problem 


transitioned from Zero to its maximum value of 2.5 V. In accordance with Lenz’s law, a volt- 
age is induced across the inductor that opposes this change as the magnetic field surrounding 
the inductor builds up. There is no current in the circuit due to the equal but opposing voltages. 

As the magnetic field builds up, the induced voltage across the inductor decreases, and 
current is in the circuit. After 17, the induced voltage across the inductor has decreased by 
63%, which causes the current to increase by 63% to 0.158 mA. This is shown in Figure 
13—25(b) at the end of one time constant (0.1 ms). 

The voltage on the inductor continues to exponentially decrease to zero, at which point 
the current is limited only by the circuit resistance. Then the square wave goes back to zero 
(at t = 0.5 ms) as shown in Figure 13—25(c). Again a voltage is induced across the induc- 
tor opposing this change. This time, the polarity of the inductor voltage is reversed due to 
the collapsing magnetic field. Although the source voltage is 0, the collapsing magnetic 
field maintains current in the same direction until the current decreases to zero, as shown 
in Figure 13—25(d). 


(a) The circuit in Figure 13-26 has a square wave input. What is the highest frequency 
that can be used and still observe the complete waveform across the inductor? 


(b) Assume the generator is set to the frequency determined in (a). Describe the volt- 
age waveform across the resistor? 


FIGURE 13-26 


@ =f = 15m 
ee 3310 


= 0.454 us 


The period needs to be 10 times longer than 7 to observe the entire wave 


T= 107 = 4.54 ys 


1 l 
f=== = 220 kHz 
T 4.54ps 


(b) The voltage across the resistor has the same shape as the current waveform. The 
general shape was shown in Figure 13-24 and has a maximum value of 10 V (the 
same V, assuming no winding resistance). 


What is the maximum voltage across the resistor for f = 220 kHz? 


Use Multisim file E13-09 to verify the calculated results in this example and to con- 
firm your calculation for the related problem. 
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The Exponential Formulas 


The formulas for the exponential current and voltage in an RL circuit are similar to those 
used in Chapter 12 for the RC circuit, and the universal exponential curves in Figure 12-36 
apply to inductors as well as capacitors. The general formulas for RL circuits are stated as 
follows: 


v= Vp + (Vj; -— Vie RE Equation 13-9 
i=Ip+ UG, — pe R# Equation 13-10 
where Vy and I are the final values of voltage and current, V; and J; are the initial values 


of voltage and current. The lowercase italic letters v and i are the instantaneous values of 
the inductor voltage and current at time t. 


Increasing Current The formula for the special case in which an increasing exponential 
current curve begins at zero is derived by setting J; = 0 in Equaton 13-10. 

iil —er) Equation 13-11 
Using Equation 13-11, you can calculate the value of the increasing inductor current at 


any instant of time. You can calculate voltage by substituting v for i and Vp for I; in Equa- 
tion 13-11. Notice that the exponent Rt/L can also be written as t/((L/R) = t/t. 


ent 30 xs after the switch is closed. 


al value in that time. 
1 — e 9%) = 5.45 mA(1 — 0.517) = 2.63 mA 
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Equation 13-12 


EXAMPLE 13-11 


Decreasing Current The formula for the special case in which a decreasing exponential 
current has a final value of zero is derived by setting J; = O in Equation 13-10. 

i=] i@ BEE 
This formula can be used to calculate the decreasing inductor current at any instant, as the 
next example shows. 


In Figure 13—28, what is the current at each microsecond interval for one complete 
cycle of the input square wave, V, After calculating the current at each time, sketch the 
current waveform. 


FIGURE 13-28 


Solution 


For the increasing current, 
i= Ip — e& ®) = 1 — e) 
At | ys: i = 14.7mA(1 — e #8/0-824Hs) = 10.3mA 
At 2s: i = 14.7mA(1 — e77#90-824HS) = 13.4mA 
At 3s: i = 14.7mA(1 — e 2#S/0-824u5) — 14.3 mA 
At 4s: i = 14.7mA(1 — e 4#9/0-824us) — 14.6mA 
At 5ps:i = 14.7mA(1 — e 7#S/0-824us) = 14.7mA 


When the pulse goes from 10 V to 0 V at t = 5 ys, the current decreases exponentially. 
For the decreasing current, 


i= Ife ®") = fe") 


The initial current is the value at 5 jxs, which is 14.7 mA. 
At 6 ys: i = 14.7 mA(e7 1#5/0-824us) — 4.37 mA 
At Tus: i = 14.7mA(e 74982445) = 1,30mA 
At 8 us: i = 14.7 mA(e7#5/0-824Hs) — 0.38 mA 
At 9 ps: 7 = 14.7 mA(e7448/0-824u5) — 0.11 mA 
At 10 ys: i = 14.7 mA(e > #9082445) — 0.03 mA 
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Figure 13—29 is a graph of these results. 


FIGURE 13-29 


Related Problem What is the current at 0.5 ps? 


Use Multisim file E13-11 to verify the calculated results in this example and to con- 
firm your calculation for the related problem. 


ading resistance of 10 © has a constant direct current of ! 
e voltage drop across the inductor? 

nected to a series RL circuit with a switch. At the instant of 

e values of i and v;? 

as in Question 2, after a time interval equal to 57 from switch 


where R = 1.0kQ. and L = 500 pH, what is the time constant? 
| 0.25 ys after a switch connects 10 V across the circuit. 


13—5 INpucTors IN AC Circuits 


An inductor passes ac with an amount of opposition called inductive reactance that 
depends on the frequency of the ac. The concept of the derivative was introduced in 
Chapter 12, and the expression for induced voltage in an inductor was stated earlier in 
Equation 13—1. These are used again in this section. 


After completing this section, you should be able to 
¢ Analyze inductive ac circuits 
¢ Explain why an inductor causes a phase shift between voltage and current 
@ Define inductive reactance 
¢ Determine the value of inductive reactance in a given circuit 


¢ Discuss instantaneous, true, and reactive power in an inductor 


Phase Relationship of Current and Voltage in an Inductor 


From Equation 13-1, the formula for induced voltage, you can see that the faster the cur- 
rent through an inductor changes, the greater the induced voltage will be. For example, if 


546 


o 2 


INDUCTORS 


(a) 


the rate of change of current is zero, the voltage is zero [v;,q = L(di/dt) = L(O) = 0 VI]. 
When di/dt is a positive-going maximum, Vipg iS a positive maximum; when di/dt is a 
negative-going maximum, ving is a negative maximum. 

A sinusoidal current always induces a sinusoidal voltage in inductive circuits. There- 
fore, you can plot the voltage with respect to the current if you know the points on the cur- 
rent curve at which the voltage is zero and those at which it is maximum. This phase 
relationship is shown in Figure 13—30(a). Notice that the voltage leads the current by 90°. 
This is always true in a purely inductive circuit. The current and voltage of this relationship 
is shown by the phasors in Figure 13—30(b). 


vy, = — max T, 


(b) 


A FIGURE 13-30 
Phase relation of V, and /, in an inductor. Current always lags the inductor voltage by 90°. 


Inductive Reactance, X, 


Inductive reactance is the opposition to sinusoidal current, expressed in ohms. The sym- 
bol for inductive reactance is X;. 

To develop a formula for X;, we use the relationship ving = L(di/dt) and the curves in 
Figure 13-31. The rate of change of current is directly related to frequency. The faster the 
current changes, the higher the frequency. For example, you can see that in Figure 13-31, 
the slope of sine wave A at the zero crossings is steeper than that of sine wave B. Recall that 
the slope of a curve at a point indicates the rate of change at that point. Sine wave A has a 
higher frequency than sine wave B, as indicated by a greater maximum rate of change (di/dt 
is greater at the zero crossings). 


» FIGURE 13-31 A slope 


Slope indicates rate of change. Sine B sk 
wave A has a greater rate of change 

at the zero crossing than B, and thus —>t 
A has a higher frequency. 
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When frequency increases, di/dt increases, and thus ving increases. When frequency de- 
creases, di/dt decreases, and thus v;,q decreases. The induced voltage is directly dependent 
on frequency. 


te = Fe and Ving = L(di/dt) 
L L 
An increase in induced voltage means more opposition (X7, is greater). Therefore, X,, is 
directly proportional to induced voltage and thus directly proportional to frequency. 
X_, is proportional to f. 


Now, if di/dt is constant and the inductance is varied, an increase in L produces an in- 
crease in ving, and a decrease in L produces a decrease in Ving. 


tt 
Vina = L(dildt) and ving = L(difdt) 


L od 


Again, an increase in vj,q means more opposition (greater X,). Therefore, Xz is directly 
proportional to induced voltage and thus directly proportional to inductance. The inductive 
reactance is directly proportional to both f and L. 


X_ is proportional to fL. 
The formula (derived in Appendix B) for inductive reactance, X,, is 
Xy = 2afL 


Inductive reactance, X7, is in ohms when fis in hertz and L is in henries. As with capacitive 
reactance, the 27r term is a constant factor in the equation, which comes from the relation- 
ship of a sine wave to rotational motion. 


Equation 13-13 


lied to the circuit in Figure 13-32. The frequency is 


Ohm’s Law The reactance of an inductor is analogous to the resistance of a resistor as 
shown in Figure 13-33. In fact, X;, just like X¢ and R, is expressed in ohms. Since induc- 
tive reactance is a form of opposition to current, Ohm’s law applies to inductive circuits as 
well as to resistive circuits and capacitive circuits; and it is stated as follows: 

V 


f=— 
Xr 


4 FIGURE 13-33 
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When applying Ohm’s law in ac circuits, you must express both the current and the volt- 
age in the same way, that is, both in rms, both in peak, and so on. 


EXAMPLE 13-13 Determine the rms current in Figure 13-34. 


FIGURE 13-34 


Solution Convert 10 kHz to 10 X 10° Hz and 100 mH to 100 X 107? H. Then calculate X;. 
X, = 2nfL = 2a(10 X 10° Hz)(100 xX 10-3 H) = 6283 0 


Apply Ohm’s law to determine the rms current. 


—_ Vins _ 5V = 
ss,  ossn ofA 


Related Problem Determine the rms current in Figure 13—34 for the following values: Vans = 12 V, 
f = 4.9 kHz, and L = 680 mH. 


Use Multisim file E13-13 to verify the calculated results in this example and to con- 
firm your calculation for the related problem. 


Power in an Inductor 


As discussed earlier, an inductor stores energy in its magnetic field when there is current 
through it. An ideal inductor (assuming no winding resistance) does not dissipate energy; it 
only stores it. When an ac voltage is applied to an idcal inductor, energy is stored by the in- 
ductor during a portion of the cycle; then the stored energy is returned to the source during 
another portion of the cycle. No net energy is lost in an ideal inductor due to conversion to 
heat. Figure 13-35 shows the power curve that results from one cycle of inductor current 
and voltage. 


Power curve 


» FIGURE 13-35 


Power curve. 
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Instantaneous Power (p) The product of v and i gives instantaneous power. At points 
where v or i is zero, p is also zero. When both v and i are positive, p is also positive. When 
either v or i is positive and the other negative, p is negative. When both v and i are negative, 
pis positive. As you can see in Figure 13—35, the power follows a sinusoidal-shaped curve. 
Positive values of power indicate that energy is stored by the inductor. Negative values of 
power indicate that energy is returned from the inductor to the source. Note that the power 
fluctuates at a frequency twice that of the voltage or current as energy is alternately stored 
and returned to the source. 


True Power (Piyye) Ideally, all of the energy stored by an inductor during the positive 
portion of the power cycle is returned to the source during the negative portion. No net en- 
ergy is lost due to conversion to heat in the inductor, so the true power is zero. Actually, be- 
cause of winding resistance in a practical inductor, some power is always dissipated; and 
there is a very small amount of true power, which can normally be neglected. 


Prue = Cems) Rw 


Reactive Power (P,) The rate at which an inductor stores or returns energy is called its 
reactive power, with the unit of VAR (volt-ampere reactive). The reactive power is a 
nonzero quantity because at any instant in time the inductor is actually taking energy from 
the source or returning energy to it. Reactive power does not represent an energy loss due 
to conversion to heat. The following formulas apply: 


P, = Vimshms 
_ Be 
X, 
le i I oe 


Ve 10V 
qT =— = — 
x, 280 159 mA 


The Quality Factor (Q) of a Coil 


The quality factor (Q) is the ratio of the reactive power in an inductor to the true power in 
the winding resistance of the coil or the resistance in series with the coil. It is a ratio of the 
power in L to the power in Ry. The quality factor is important in resonant circuits, which 
are studied in Chapter 17. A formula for Q is developed as follows: 

reactive power _ PX, 


truepower —- PRy 


aah, Determine the reactive power (P,). 


inductive reactance and current values. 


= 2afL = 27(1 kHz)(10 mH) = 62.8 0 


e reactive power if the frequency increases? 


Equation 13-14 


Equation 13-15 
Equation 13-16 


Equation 13-17 


P, = PX, = (159 mA)*(62.8 Q) = 1.59 VAR 


eo 
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Equation 13-18 


The current is the same in L and Ry: thus, the F terms cancel, leaving 
Xp 
Rw 


Q= 


When the resistance is just the winding resistance of the coil, the circuit Q and the coil Q 
are the same. Note that Q is a ratio of like units and, therefore, has no unit itself. The qual- 
ity factor is also known as unloaded Q because it is defined with no load across the coil 


current and voltage in an inductor. 

100 mH. 
of a 50 pH inductor equal to 800 1? 
3-36. 
to a 12 Vrms source. What is the true power? 


y of 1 kHz? 


13-6 INDUCTOR APPLICATIONS 


Inductors are not as versatile as capacitors and tend to be more limited in their applica- 
tion due, in part, to size, cost factors, and nonideal behavior (internal resistance, etc.). 
One of the most common applications for inductors is noise reduction applications. 


After completing this section, you should be able to 


Noise Suppression 


One of the most important applications of inductors has to do with suppressing unwanted 
electrical noise. The inductors used in these applications are generally wound on a closed 
core to avoid having the inductor become a source of radiated noise itself. Two types of 
noise are conductive noise and radiated noise. 


Conductive Noise Many systems have common conductive paths connecting different 
parts of the system, which can conduct high frequency noise from one part of the system to 
another. Consider the case of two circuits connected with common lines as shown in Figure 
13-37(a). A path for high frequency noise exists though the common grounds, creating a con- 
dition known as a ground loop. Ground loops are particularly a problem in instrumentation 
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Longitudinal choke 


Circuit 1 Circuit 2 


(a) (b) 


» FIGURE 13-37 


systems, where a transducer may be located a distance from the recording system and noise 
current in the ground can affect the signal. 

If the signal of interest changes slowly, a special inductor, called a longitudinal choke, 
can be installed in the signal line as shown in Figure 13—37(b). The longitudinal choke is a 
form of transformer (covered in Chapter 14) that acts as inductors in each signal line. The 
ground loop sees a high impedance path, thus reducing the noise, while the low-frequency 
signal is coupled through the low impedance of the choke. 

Switching circuits also tend to generate high frequency noise (above 10 MHz) by virtue 
of the high frequency components present. (Recall from Section 11—9 that a pulse wave- 
form contains many high frequency harmonics). Certain types of power supplies use high- 
speed switching circuits that are a source of conductive noise themselves. 

Because an inductor’s impedance increases with frequency, inductors are good for 
blocking electrical noise from these supplies, which should carry only dc. Inductors are fre- 
quently installed in the power supply lines to suppress this conductive noise, so that one 
circuit does not adversely affect another circuit. One or more capacitors may also be used 
in conjunction with the inductor to improve filtering action. 


Radiated Noise Noise can also enter a circuit by way of the electric field. The noise 
source can be an adjacent circuit or a nearby power supply. There are several approaches to 
reducing the effects of radiated noise. Usually, the first step is to determine the cause of the 
noise and isolate it using shielding or filtering. 

Inductors are widely employed in filters that are used to suppress radio-frequency noise. 
The inductor used for noise suppression must be carefully selected so as not to become a 
source of radiated noise itself. For high frequencies(>20 MHz), inductors wound on 
highly permeable toroidal cores are widely used, as they tend to keep the magnetic flux re- 
stricted to the core. 


RF Chokes 


Inductors used for the purpose of blocking very high frequencies are called Radio Fre- 
quency (RF) chokes. RF chokes are used for conductive or radiated noise. They are special 
inductors designed to block high frequencies from getting into or leaving parts of a system 
by providing a high impedance path for high frequencies. In general, the choke is placed in 
series with the line for which RF suppression is required. Depending on the frequency of 
the interference, different types of chokes are required. A common type of electromagnetic 
interference (EMI) filter wraps the signal line on a toroidal core several times. The toroidal 
configuration is desired because it contains the magnetic field so that the choke does not 
become a source of noise itself. 

Another common type of RF choke is a ferrite bead, such as the ones shown in Figure 
13-38. All wires have inductance, and the ferrite bead is a small ferromagnetic material 
that is strung onto the wire to increase its inductance. The impedance presented by the bead 
is a function of both the material and the frequency, as well as the size of the bead. It is an 
effective and inexpensive “choke” for high frequencies. Ferrite beads are common in high- 
frequency communication systems. Sometimes several are strung together in series to in- 
crease the effective inductance. 


Ground 
— loop 


Circuit 2 


o 4 
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® FIGURE 13-38 


Ferrite beads. A pencil is shown to 
illustrate relative size. 


o 


Tuned Circuits 


Inductors are used in conjunction with capacitors to provide frequency selection in com- 
munications systems. These tuned circuits allow a narrow band of frequencies to be se- 
lected while all other frequencies are rejected. The tuners in your TV and radio receivers 
are based on this principle and permit you to select one channel or station out of the many 
that are available. 

Frequency selectivity is based on the fact that the reactances of both capacitors and in- 
ductors depend on the frequency and on the interaction of these two components when con- 
nected in series or parallel. Since the capacitor and the inductor produce opposite phase 
shifts, their combined opposition to current can be used to obtain a desired response at a se- 
lected frequency. Tuned RLC circuits are covered in Chapter 17. 


1. Name two types of unwanted noise. 
2. What do the letters EMI stand for? 
3. Howis a ferrite bead used? 


A Circuit Application 


In this application, you will see how 
you can test coils for their unknown in- 
ductance values using a test setup con- 
sisting of a square wave generator and 
an oscilloscope. You are given two coils for which the inductance 
values are not known. You are to test the coils using simple labo- 
tatory instruments to determine the inductance values, The 
method is to place the coil in series with a resistor with a known 
value and measure the time constant. Knowing the time constant 
and the resistance value, you can calculate the value of L. 


® FIGURE 13-39 


Circuit for time-constant 
measurement. 


The method of determining the time constant is to apply a 


square wave to the circuit and measure the resulting voltage 
across the resistor. Each time the square wave input voltage 

: goes high, the inductor is energized and each time the square 
wave goes back to zero, the inductor is deenergized. The time 
it takes for the exponential resistor voltage to increase to ap- 
proximately its final value equals five time constants. This op- 
: eration is illustrated in Figure 13-39. To make sure that the 
winding resistance of the coil can be neglected, it must be 

: measured and the value of the resistor used in the circuit must 
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» FIGURE 13-40 
Breadboard setup for measuring the time constant. 


be selected to be considerably larger than the winding and 
source resistances. 


that the inductor has time to fully energize during each square 
wave pulse; the scope is set to view a complete energizing curve 


as shown. 
The Winding Resistance ; ® Determine the approximate circuit time constant. 
Assume that the winding resistance of the coil in Figure 13-40 ® Calculate the inductance of coil 1. 


has been measured with an ohmmeter and found to be 85 ©. To 
make the winding and source resistances negligible for time con- : The Inductance of Coil 2 


stant measurement. a 10 k© series resistor is used in the circuit. Refer to Figure 13-42 in which coil 2 replaces coil 1. To deter- 


mine the inductance, a 10 V square wave is applied to the bread- 
boarded circuit. The frequency of the square wave is adjusted so 
that the inductor has time to fully energize during each square 
wave pulse; the scope is set to view a complete energizing curve 
as shown. 


®@ If 10 V dc is connected with the clip leads as shown, how 
much current is in the circuit after t = 57? 


Inductance of Coil 1 


Refer to Figure 13-41. To measure the inductance of coil 1, a 
square wave voltage is applied to the circuit. The amplitude of 
the square wave is adjusted to 10 V. The frequency is adjusted so 


@ Determine the approximate circuit time constant. 
® Calculate the inductance of coil 2. 


10 V square wave input 
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4 FIGURE 13-41 
Testing coil 1. 
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10 V square wave input 
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& FIGURE 13-42 
Testing coil 2. 


@ Discuss any difficulty in using this method. : 2. What is the maximum square wave frequency that can be 


@ Specify how you can use a sinusoidal input voltage instead of | used in Figure 13-42? 
a square wave to determine inductance. ; 3. What happens if the frequency exceeds the maximum you 
determined in Questions 1 and 2? Explain how your mea- 


Review 
surements would be affected. 


1, What is the maximum square wave frequency that can be 
used in Figure 13-41? 


SUMMARY 


® Inductance is a measure of a coil’s ability to establish an induced voltage as a result of a change 
in its Current. 

® An inductor opposes a change in its own current. 

® Faraday’s law states that relative motion between a magnetic field and a coil induces a voltage 
across the coil. 

® The amount of induced voltage is directly proportional to the inductance and to the rate of change 
in current. 

® Lenz’s law states that the polarity of induced voltage is such that the resulting induced current is 
in a direction that opposes the change in the magnetic field that produced it. 

® Energy is stored by an inductor in its magnetic field. 

® One henry is the amount of inductance when current, changing at the rate of one ampere per sec- 
ond, induces one volt across the inductor. 

® Inductance is directly proportional to the square of the number of turns, the permeability, and the 
cross-sectional area of the core. It is inversely proportional to the length of the core. 

® The permeability of a core material is an indication of the ability of the material to establish a 
magnetic field. 

® The time constant for a series RL circuit is the inductance divided by the resistance. 

® In an RE circuit, the increasing or decreasing voltage and current in an inductor make a 63% 
change during each time-constant interval. 


® Increasing and decreasing voltages and currents follow exponential curves. 


¢ 


Inductors add in series. 


® Total parallel inductance is less than that of the smallest inductor in parallel. 


® Voltage leads current by 90° in an inductor. 
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® Inductive reactance, X;, is directly proportional to frequency and inductance. 


® The true power in an inductor is zero; that is, no energy is lost in an ideal inductor due to conver- 


sion to heat, only in its winding resistance. 


Key terms and other bold terms in the chapter are defined in the end-of-book glossary. 


Henry (H) The unit of inductance. 


Induced voltage 


Voltage produced as a result of a changing magnetic field. 


Inductance The property of an inductor whereby a change in current causes the inductor to pro- 
duce a voltage that opposes the change in current. 


Inductive reactance The opposition of an inductor to sinusoidal current. The unit is the ohm. 


Inductor 


Winding The loops or turns of wire in an inductor. 


FORMULAS 


An electrical device formed by a wire wound around a core having the property of in- 
ductance; also known as coil. 
Quality factor (Q) The ratio of reactive power to true power in an inductor. 


RL time constant A fixed time interval, set by the L and R values, that determines the time re- 
sponse of a circuit and is equal to L/R. 
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Induced voltage 


Energy stored by an inductor 


Inductance in terms of physical 
parameters 


Faraday’s law 


Series inductance 


Reciprocal of total parallel 
inductance 


Total parallel inductance 


Time constant 


Exponential voltage (general) 
Exponential current (general) 


Increasing exponential 
current beginning at zero 


Decreasing exponential 
current ending at zero 


Inductive reactance 
True power 


Reactive power 
Reactive power 
Reactive power 


Quality factor 
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SELF-TEST Answers are at the end of the chapter. 


1, An inductance of 0.05 wH is larger than 

(a) 0.0000005 H (b) 0.000005 H (c) 0.000000008 H (d) 0.00005 mH 
2. An inductance of 0.33 mH is smaller than 

(a) 33 wH (b) 330 pH (c) 0.05 mH (d) 0.0005 H 


3. When the current through an inductor increases, the amount of energy stored in the electromag- 
netic field 


(a) decreases (b) remains constant (c) increases (d) doubles 
4. When the current through an inductor doubles, the stored energy 

(a) doubles (b) quadruples (c) is halved (d) does not change 
§. The winding resistance of a coil can be decreased by 

(a) reducing the number of turns (b) using a larger wire 

(c) changing the core material (d) either answer (a) or (b) 
6. The inductance of an iron-core coil increases if 

(a) the number of turns is increased (b) the iron core is removed 

(c) the length of the core is increased (d) larger wire is used 
7. Four 10 mH inductors are in series. The total inductance is 

(a) 40 mH (b) 2.5 mH (c) 40,000 wH (d) answers (a) and (c) 
8. A 1 mH, a 3.3 mH, and a 0.1 mH inductor are connected in parallel. The total inductance is 

(a) 4.4mH (b) greater than 3.3 mH 

(c) less than 0.1 mH (d) answers (a) and (b) 


9. An inductor, a resistor, and a switch are connected in series to a 12 V battery. At the instant the 
switch is closed, the inductor voltage is 


(a) OV (b) 12V (c) 6V (d) 4V 
10. A sinusoidal voltage is applied across an inductor. When the frequency of the voltage is 
increased, the current 


(a) decreases (b) increases 
(c) does not change (d) momentarily goes to zero 


11. An inductor and a resistor are in series with a sinusoidal voltage source. The frequency is set so 
that the inductive reactance is equal to the resistance. If the frequency is increased, then 


(a) Ve> Vip (b) Vn< VR (c) Ve= Vr = (G) “Vi > Vp 
12. An ohmmeter is connected across an inductor and the pointer indicates an infinite value. The 
inductor is 


(a) good (b) open (c) shorted (d) resistive 


CIRCUIT DYNAMICS 
QUIZ Answers are at the end of the chapter. 


Refer to Figure 13-45. 
1. The switch is in position 1. When it is thrown into position 2, the inductance between A and B 
(a) increases (b) decreases (c) stays the same 
2. If the switch is moved from position 3 to position 4, the inductance between A and B 


(a) increases (b) decreases (c) stays the same 


Refer to Figure 13-48. 


3. If R were 10 k2 instead of 1.0kQ and the switch is closed, the time it takes for the current to 
reach its maximum value 


(a) increases (b) decreases (c) stays the same 


4. 


Proslems @ 557 


If L is decreased from 10 mH to 1 mH and the swtich is closed, the time constant 


(a) increases (b) decreases (c) stays the same 


5. If the source voltage drops from +15 V to +10 V, the time constant 


(a) increases (b) decreases (c) stays the same 


Refer to Figure 13-51. 


6. 


the 


If the frequency of the source voltage is increased, the total current 
(a) increases (b) decreases (c) stays the same 
If Ly opens, the current through 


(a) increases (b) decreases (c) stays the same 


8. If the frequency of the source voltage is decreased, the ratio of the values of the currents 


through L, and L; 


(a) increases (b) decreases (c) stays the same 


Refer to Figure 13-52. 


9. 


10. 


If the frequency of the source voltage increases, the voltage across L, 
(a) increases (b) decreases (c) stays the same 

If L3 opens, the voltage across Lz 

(a) increases (b) decreases (c) stays the same 


= More difficult problems are indicated by an asterisk (*). 
Answers to odd-numbered problems are at the end of the book. 


SECTION 13-1 The Basic Inductor 


1. 


2. 


10. 


®» FIGURE 13-43 


Convert the following to millihenries: 

(a) 1H (b) 250 pH (c) 10 nH (d) 0.0005 H 

Convert the following to microhenries: 

(a) 300 mH (b) 0.08 H (c) 5mH (d) 0.00045 mH 

What is the voltage across a coil when di/dt = 10 mA/ps and L = 5 pH? 

Fifty volts are induced across a 25 mH coil. At what rate is the current changing? 


The current through a 100 mH coil is changing at a rate of 200 mA/s. How much voltage is 
induced across the coil? 

How many turns are required to produce 30 mH with a coil wound on a cylindrical core having 
a cross-sectional area of 10 X 107° m? and a length of 0.05 m? The core has a permeability of 
1.2 x 10 © H/m. 


What amount of energy is stored in a 4.7 mH inductor when the current is 20 mA? 


. Compare the inductance of two inductors that are identical except that inductor 2 has twice the 


number of turns as inductor 1. 


Compare the inductance of two inductors that are identical except that inductor 2 is wound on 
an iron coil (relative permeability = 150) and inductor | is wound on a low carbon steel core 
(relative permeability = 200). 

A student wraps 100 turns of wire on a pencil that is 7 mm in diameter as shown in Figure 
13-43. The pencil is a nonmagnetic core so has the same permeability as a vacuum 

(477 X 10-6 H/m). Determine the inductance of the coil that is formed. 


LL 
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SECTION 13-3 Series and Parallel Inductors 


11. Five inductors are connected in series. The lowest value is 5 wH. If the value of each inductor 
is twice that of the preceding one, and if the inductors are connected in order of ascending 
values, what is the total inductance? 

12. Suppose that you require a total inductance of 50 mH. You have available a 10 mH coil and a 
22 mH coil. How much additional inductance do you need? 


13. Determine the total inductance in Figure 13-44. 


Ly 
50 mH 
Ly 
500 wH 
I, 
0.01 mH 


» FIGURE 13-44 


14, What is the total inductance between points A and B for each switch position in Figure 13-45? 


Ly 
680 


» FIGURE 13-45 


15. Determine the total parallel inductance for the following coils in parallel: 75 wH, 50 wH, 
25 WH, and 15 wH. 


16. You have a 12 mH inductor, and it is your smallest value. You need an inductance of 8 mH 
What value can you use in parallel with the 12 mH to obtain 8 mH? 


17. Determine the total inductance of each circuit in Figure 13-46. 


(b) 


» FIGURE 13-46 
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18. Determine the total inductance of each circuit in Figure 13-47. 


(b) 
» FIGURE 13-47 


SECTION 13-4 Inductors in DC Circuits 
19. Determine the time constant for each of the following series RL combinations: 
(a) R = 1000, L = 100pnH (b) R = 4.7kQ, L = 10mH 
(c) R= 15MO,L=3H 


20. Ina series RL circuit, determine how long it takes the current to build up to its full value for 
each of the following: 


(a) R = 560,L = 50 pH (b) R = 33000, L = 15mH 
(c) R = 22kOQ, L = 100mH 


21. In the circuit of Figure 13-48, there is initially no current. Determine the inductor voltage at 
the following times after the switch is closed: 


(a) 10 ys (b) 20 ps (c) 30ps (d) 40 ys (e) 50 us 


& FIGURE 13-48 


*22. For the ideal inductor in Figure 13-49, calculate the current at each of the following times: 
(a) 10 ys (b) 20 pus (c) 30 us 


R 
8.2 kO, 
10 : 
75 mH 
10 kHz 


» FIGURE 13-49 
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SECTION 13-5 


23. Repeat Problem 21 for the following times: 


(a) 2ps (b) Sys (c) 15 us 
*24. Repeat Problem 22 for the following times: 
(a) 65 ps (b) 75 ps {c) 85 us 


25. In Figure 13-48, at what time after switch closure does the inductor voltage reach 5 V? 


26. (a) What is the polarity of the induced voltage across the inductor in Figure 13-49 when the 
square wave is rising? 
(b) What is the current just before the square wave drops to zero? 


27. Determine the time constant for the circuit in Figure 13-50. 


» FIGURE 13-50 


*28. (a) What is the current in the inductor 1.0 ps after the switch closes in Figure 13-50? 
(b) What is the current after 57 have elapsed? 


*29. For the circuit in Figure 13-50, assume the switch has been closed for more than 57 and is 
opened. What is the current in the inductor 1.0 ys after the switch is opened? 


Inductors in AC Circuits 


30. Find the total reactance for each circuit in Figure 13-46 when a voltage with a frequency of 
5 kHz is applied across the terminals. 


31. Find the total reactance for each circuit in Figure 13-47 when a 400 Hz voltage is applied. 
32. Determine the total rms current in Figure 13—51. What are the currents through Ly and Ly? 


33. What frequency will produce S00 mA total rms current in each circuit of Figure 13-47 with an 
rms input voltage of 10 V? 


34. Determine the reactive power in Figure 13-51. 


35. Determine /7> in Figure 13-52. 


ifs L; 
5 mH 
50 WH 10V 
f = 3kHz }50mA 
View = 10 Ly L; i: 
= 2.5 kHz 20 wH 40 wH 3 
f ae: 3 mH 


» FIGURE 13-51 


» FIGURE 13-52 
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"9 Multisim Troubleshooting and Analysis 
These problems require your Multisim CD-ROM. 
36. Open file P13-36 and measure the voltage across each inductor. 
37. Open file P13-37 and measure the voltage across each inductor. 


38. Open file P13-38 and measure the current. Double the frequency and measure the current 
again. Reduce the original frequency by one-half and measure the current Explain your 
observations. 

39. Open file P13-39 and determine the fault if there is one. 


40. Open file P13-40 and find the fault if there is one. 


SECTION REVIEWS 


SECTION 13-1. The Basic Inductor 


1. Inductance depends on number of turns of wire, permeability, cross-sectional area, and core 
length. 


2 ea 7 5me 
3. (a) Lincreases when N increases. 
(b) L decreases when core length increases. 
(c) L decreases when core cross-sectional area decreases. 
(d) L decreases when ferromagnetic core is replaced by air core. 


4. All wire has some resistance, and because inductors are made from turns of wire, there is 
always resistance. 


5. Adjacent turns in a coil act as plates of a capacitor. 


SECTION 13-2 Types of Inductors 
1. Two categories of inductors are fixed and variable. 


2. (a) air core (b) iron core (c) variable 


SECTION 13-3 Series and Parallel Inductors 
1. Inductances are added in series 
. Ly = 2.60mH 
. Ly = 5(100 mH) = 500 mH 
. The total parallel inductance is smaller than that of the smallest-value inductor in parallel. 


mn Bh & NY 


. True, calculation of parallel inductance is similar to parallel resistance. 
6. (a) Ly = 24H (b) Ly = 7.69mH 


SECTION 13-4 Inductors in DC Circuits 
1. V, = IRy = 100mV 
2. i= OV,¥, = 20V 
3. 1, =0V 
4. 7 = 500ns, i; = 3.93mA 


SECTION 13-5 Inductors in AC Circuits 
1. Voltage leads current by 90 degrees in an inductor 
2. X, = 2afl = 3.14k0 
3. f = X,/2a7L = 2.55 MHz 
4. Ims = 15.9mA 
5. Prue = OW; P,; = 458mVAR 
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SECTION 13-6 


Inductor Applications 
1. Conductive and radiated 


2. Electromagnetic interference 


3. A ferrite bead is placed on a wire to increase its inductance, creating an RF choke. 


A Circuit Application 
1. finax = 125 kHz (57 = 4 ms) 
2. fmax = 3.13 kHz (57 = 160 ps) 
3. ff > Smax, the inductor will not fully energize because T/2 < 57. 


RELATED PROBLEMS FOR EXAMPLES 

13-1 5H 

13-2 10.1 mH 

13-3 0.5 Wb/s 

13-4 150pH 

13-5 20.3 uH 

13-6 227ns 

13-7 Ip = 17.6mA,7 = 147 ns 
at l7:i = 11.1 mA;r = 147 ns 
at 27:i = 15.1 mA; ft = 294 ns 
at 37: i = 16.7 mA; t = 441 ns 
at 47: i = 17.2 mA; t = 588 ns 
at 57: i = 17.4 mA; t = 735 ns 

13-8 at 0.2 ms,i = 0.215mA 
at 0.8 ms, i = 0.035 mA 

13-9 l10V 

13-10 3.83 mA 

13-11 6.7mA 

13-12 1.1kO 

13-13 573 mA 

13-14 P, decreases. 


SELF-TEST 
L © 2. (d) 3. (©) 4.(b) 5. @) 6 (a 7. (@) 
9 (b) 10@ %UW@ 120) 


CIRCUIT DYNAMICS QUIZ 
l(@ 26 30) 4) 5.) 
6.) 76) 8&©@ 9%€© ~~ 10. (a) 
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Mutual Inductance 

The Basic Transformer 

Step-Up and Step-Down Transformers 
Loading the Secondary Winding 

Reflected Load 

Impedance Matching 

Nonideal Transformer Characteristics 
Tapped and Multiple-Winding Transformers 
Troubleshooting 

A Circuit Application 


Explain mutual inductance 

Describe how a transformer is constructed and how it operates 
Describe how transformers increase and decrease voltage 
Discuss the effect of a resistive load across the secondary 
winding 

Discuss the concept of a reflected load in a transformer 
Discuss impedance matesing with transformers 

Describe a nonideal transformer 

Describe several types of transformers 

Troubleshoot transformers 


—— — — 


Mutual inductance (Lj) Turns ratio (n) 
Transformer @ Reflected resistance 
Primary winding ® Impedance matching 
Secondary winding © 

Magnetic coupling e 


Apparent power rating 
Center tap (CT) 


In the circuit application you will learn to troubleshoot a 
type of dc power supply that uses a transformer to couple 
the ac voltage from a standard electrical outlet. By making 
voltage measurements at various points, you can determine 
if there is a fault and be able to specify the part of the power 
supply that is faulty. 


Study aids for this chapter are available at 
http://www. prenhall.com/floyd 


In Chapter 13, you learned about self-inductance. In this 
chapter, you will study mutual inductance, which is the basis 
for the operation of transformers. Transformers are used in 
all types of applications such as power supplies, electrical 
power distribution, and signal coupling in communications 
systems. 

The operation of the transformer is based on the princi- 
ple of mutual inductance, which occurs when two or more 
coils are in close proximity. A simple transformer is actually 
two coils that are electromagnetically coupled by their mu- 
tual inductance. Because there is no electrical contact be- 
tween two magnetically coupled coils, the transfer of energy 
from one coil to the other can be achieved in a situation of 
complete electrical isolation. In relation to transformers, the 
term winding or coil is commonly used to describe the pri- 
mary and secondary. 
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14-1 MUTUAL INDUCTANCE 


When two coils are placed close to each other, a changing electromagnetic field 
produced by the current in one coil will cause an induced voltage in the second coil 
because of the mutual inductance between the two coils 


After completing this section, you should be able to 
e Explain mutual inductance 


¢ Discuss magnetic coupling 


¢ Define electrical isolation 


Equation 14—1 


Recall from Chapter 10 that the electromagnetic field surrounding a coil of wire 
expands, collapses, and reverses as the current increases, decreases, and reverses. 

When a second coil is placed very close to the first coil so that the changing magnetic 
lines of force cut through the second coil, the coils are magnetically coupled and a voltage 
is induced, as indicated in Figure 14-1. When two coils are magnetically coupled, they 
provide electrical isolation because there is no electrical connection between them, only a 
magnetic link. If the current in the first coil is sinusoidal, the voltage induced in the second 
coil is also sinusoidal. The amount of voltage induced in the second coil as a result of the 
current in the first coil is dependent on the mutual inductance, (Z y,), which is the in- 
ductance between the two coils. The mutual inductance is established by the inductance of 
each coil and by the amount of coupling (k) between the two coils. To maximize coupling, 
the two coils are wound on a common core. 


& FIGURE 14-1 Lines of force cutting second coil as the 

A voltage is induced in the second electromagnetic field expands, collapses, and 
x A Teverses in response to the sinusoidal input. 

coil as a result of the changing cur- 

rent in the first coil, producing a 

changing electromagnetic field that 

links the second coil. Ve 


Oscilloscope 


Coefficient of Coupling 


The coefficient of coupling, k, between two coils is the ratio of the magnetic lines of force 
(flux) produced by coil 1 linking coil 2 (¢1_2) to the total flux produced by coil 1(¢)). 


_ 12 
com 


For example, if half of the total flux produced by coil 1 links coil 2, then k = 0.5. A greater 
value of k means that more voltage is induced in coil 2 for a certain rate of change of cur- 
rent in coil 1. Note that k has no units. Recall that the unit of magnetic lines of force (flux) 
is the weber, abbreviated Wb. 

The coefficient of coupling, k, depends on the physical closeness of the coils and the 
type of core material on which they are wound. Also, the construction and shape of the 
cores are factors. 


k 
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Formula for Mutual Inductance 


The three factors influencing mutual inductance (k, L), and Ly) are shown in Figure 14-2. 
The formula for mutual inductance is 


Ly = kVIyL, Equation 14—2 
Dg 4 FIGURE 14-2 
—_—___ 


The mutual inductance of two coils. 


, and the coefficient of coupling is 0.3. The in- 


ne inductance of coil 2 is 15 wH. What is Ly? 
= 0.3V (10 wH)(15 2H) = 3.67 pH 


when k = 0.5, L; = 1mH, and LZ, = 600 pH. 


he voltage induced in one coil as a result of a 


14-2 THE BASIC TRANSFORMER 


A basic transformer is an electrical device constructed of two coils of wire (wind- 
ings) magnetically coupled to each other so that there is a mutual inductance for the 
transfer of power from one winding to the other. 


After completing this section, you should be able to 
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¢ Define primary winding and secondary winding 
¢ Define turns ratio 


¢ Discuss how the direction of windings affects voltage polarities 


A schematic of a transformer is shown in Figure 14—3(a). As shown, one coil is called the 
primary winding, and the other is called the secondary winding. The source voltage is 
applied to the primary winding, and the load is connected to the secondary winding, as 
shown in Figure 14—3(b). The primary winding is the input winding, and the secondary 
winding is the output winding. It is common to refer to the side of the transformer that has 
the source voltage as the primary, and the side that has the induced voltage as the secondary. 


Primary Secondary 
winding winding 
Source 


(a) Schematic symbol (b) Source/load connections 


» FIGURE 14-3 
The basic transformer. 


The windings of a transformer are formed around the core. The core provides both a 
physical structure for placement of the windings and a magnetic path so that the magnetic 
flux is concentrated close to the coils. There are three general categories of core material: 
air, ferrite, and iron. The schematic symbol for each type is shown in Figure 14-4. 


feceel 


(a) Air core (b) Ferrite core (c) Iron core 


& FIGURE 14-4 
Schematic symbols based on type of core. 


Air-core and ferrite-core transformers generally are used for high-frequency applica- 
tions and consist of windings on an insulating shell which is hollow (air) or constructed of 
ferrite, such as depicted in Figure 14—5. The wire is typically covered by a varnish-type 
coating to prevent the windings from shorting together. The amount of magnetic cou- 
pling between the primary winding and the secondary winding is set by the type of core 
material and by the relative positions of the windings. In Figure 14—5(a), the windings are 
loosely coupled because they are separated, and in part (b) they are tightly coupled because 
they are overlapping. The tighter the coupling, the greater the induced voltage in the sec- 
ondary for a given current in the primary. 
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Air or ferrite core <@ FIGURE 14-5 


Transformers with cylindrical-shaped 
cores. 


(a) Loosely coupled windings (b) Tightly coupled windings. 
Cutaway view shows both 
windings. 


Iron-core transformers generally are used for audio frequency (AF) and power applica- 
tions. These transformers consist of windings on a core constructed from laminated sheets 
of ferromagnetic material insulated from each other, as shown in Figure 14-6. This con- 
struction provides an easy path for the magnetic flux and increases the amount of coupling 
between the windings. Figure 14-6 shows the basic construction of two major configura- 
tions of iron-core transformers. In the core-type construction, shown in part (a), the wind- 
ings are on separate legs of the laminated core. In the shell-type construction, shown in part 
(b), both windings are on the same leg. Each type has certain advantages. Generally, the 
core type has more room for insulation and can handle higher voltages. The shell type can 
produce higher magnetic fluxes in the core, resulting in the need for fewer turns. A variety 
of transformers is shown in Figure 14—7. 


Laminated iron core 


Pnmary Laminated iron core 


winding ge Secondary 


winding 


GW 


(a) Core type has each winding on a separate leg. {b) Shell type has both windings on the same leg. 


4 FIGURE 14-6 
Iron-core transformer construction with multilayer windings. 


7 


» FIGURE 14-7 


Some common types of transformers. 
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Equation 14-3 


Turns Ratio 


A transformer parameter that is useful in understanding how a transformer operates is the 
turns ratio. In this text, the turms ratio (7) is defined as the ratio of the number of turns in 
the secondary winding (N,,,) to the number of turns in the primary winding (N>p,;). 

Nice 

Nori 


n= 


This definition of turns ratio is based on the [EEE standard for electronics power trans- 
formers as specified in the IEEE dictionary. Other categories of transformer may have a 
different definition, so some sources define the turns ratio as N,,,;/Nsec. Either definition is 
correct as long as it is clearly stated and used consistently. The turns ratio of a transformer 
is rarely if ever given as a transformer specification. Generally, the input and ourput volt- 
ages and the power rating are the key specifications. However, the turns ratio is useful in 


studying the operating principle of a transformer. 


winding has 100 turns, and the secondary winding has 400 turns. 


, = 100; therefore, the turns ratio is 


_ Neve _ 400 


=——=4 
Nori 100 


former has a turns ratio of 10. If N, 


pri = 500, what is Nee? 


Direction of Windings 


Another important transformer parameter is the direction in which the windings are placed 
around the core. As illustrated in Figure 14-8, the direction of the windings determines the 
polarity of the voltage across the secondary winding (secondary voltage) with respect to the 
voltage across the primary winding (primary voltage). Phase dots are sometimes used on 
the schematic symbols to indicate polarities, as shown in Figure 14-9. 


Applied Induced 
voltage voltage 
(primary) (secondary) 
F e 


(a) The primary and secondary voltages are in (b) The primary and secondary voltages are 180° 
phase when the windings are in the same out of phase when the windings are in the 
effective direction around the magnetic path. opposite direction. 


A FIGURE 14-8 


The direction of the windings determines the relative polarities of the voltages. 
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Phase dots 
+e @ + + |@ = 
\) Ble \ SIE. 
(a) Voltages are in phase. ({b) Voltages are out of phase. 


» FIGURE 14-9 
Phase dots indicate relative polarities of primary and secondary voltages. 


a transformer based? 


of a transformer important? 
ding with 500 turns and a secondary winding 


14-3 Step-Up AND STEP-DOWN TRANSFORMERS 


A step-up transformer has more turns in its secondary winding than in its primary 
winding and is used to increase ac voltage. A step-down transformer has more turns in 
its primary winding than in its secondary winding and is used to decrease ac voltage. 


After completing this section, you should be able to 


¢ Describe how transformers increase and decrease voltage 


The Step-Up Transformer 


A transformer in which the secondary voltage is greater than the primary voltage is called 
a step-up transformer. The amount that the voltage is stepped up depends on the turns 
ratio. 


The ratio of secondary voltage (V,.,) to primary voltage (V,,;) is equal to the ratio 
of the number of turns in the secondary winding (N,,,) to the number of turns in 
the primary winding (N,,;). 


Ee Equation 14-4 
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Equation 14-5 


Recall that Neec/Np,ri defines the turns ratio, n. Therefore, from this relationship, 
Veee = DV pri 


Equation 14—5 shows that the secondary voltage is equal to the turns ratio times the primary 
voltage. This condition assumes that the coefficient of coupling is 1, and a good iron-core 
transformer approaches this value. 

The turns ratio for a step-up transformer is always greater than 1 because the number of 
turns in the secondary winding (N,,,) is always greater than the number of turns in the pri- 
mary winding (N,,;)- 


EXAMPLE 14-4 


Solution 


Related Problem 


EXAMPLE 14-5 


The transformer in Figure 14-10 has a turns ratio of 3. What is the voltage across the 


secondary winding? 
133 
Vira V 
120 Vrms te 
The secondary voltage is 


Veeco = NVpri = (3)120 V = 360 V 


FIGURE 14-10 


Note that the turns ratio of 3 is indicated on the schematic as 1:3, meaning that there 
are three secondary turns for each primary turn. 


The transformer in Figure 14—10 is changed to one with a turns ratio of 4. 
Determine Ve. 


Use Multisim file E14-04 to verify the calculated results in this example and to con- 
firm your calculation for the related problem. 


Solution 


The Step-Down Transformer 


A transformer in which the secondary voltage is less than the primary voltage is called a 
step-down transformer. The amount by which the voltage is stepped down depends on the 
turns ratio. Equation 14—5 applies also to a step-down transformer. 

The turns ratio of a step-down transformer is always less than 1 because the number of turns 
in the secondary winding is always fewer than the number of turns in the primary winding. 


The transformer in Figure 14—11 has a turns ratio of 0.2. What is the secondary 


voltage? 
5:1 
Me, 
Pi : 
< i = Q 4 | | 4 


Veco = AVpri = (0.2)120 V = 24V 


FIGURE 14-11 


a 


The secondary voltage is 
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Figure 14-11 is changed to one with a turns ratio of 0.48. Deter- 


DC Isolation 


As illustrated in Figure 14—12(a), if there is a direct current in the primary of a transformer, 
nothing happens in the secondary. The reason is that a changing current in the primary 
winding is necessary to induce a voltage in the secondary winding, as shown in part (b). 
Therefore, the transformer isolates the secondary circuit from any dc voltage in the primary 
circuit. A transformer that is used strictly for isolation has a turns ratio of 1. 


(b) 


A FIGURE 14-12 
DC isolation and ac coupling. 


In a typical high frequency application, a small transformer can be used to keep the dc 
voltage on the output of an amplifier stage from affecting the dc bias of the next amplifier 
stage. Only the ac signal is coupled through the transformer from one stage to the next, as 
Figure 14—13 illustrates. 


Coupling transformer 


Amplifier Amplifier 
stage | stage 2 


A FIGURE 14-13 
Amplifier stages with transformer coupling for dc isolation. 


n transformer do? 
lied to the primary winding of a transformer with a turns 


V ac is reduced to 12 V ac. What is the turns ratio? 
1 isolation mean? 
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14—4 LOADING THE SECONDARY WINDING 


When a resistive load is connected to the secondary winding of a transformer. the rela- 
tionship of the load (secondary) current and the current in the primary circuit is deter- 
mined by the turns ratio. 


After completing this section, you should be able to 


¢ Discuss the effect of a resistive load across the scdiiaed winding 


De steaming theicunentd deliv d by th e Se 
eile 


Equation 14—6 


Equation 14-7 


When a load resistor is connected to the secondary winding, as shown in Figure 14-14, 
there is current through the resulting secondary circuit because of the voltage induced in 
the secondary coil. It can be shown that the ratio of the primary current, J,,,;, to the second- 
ary current, J,,,, is equal to the turns ratio, as expressed in the following equation: 


~ FIGURE 14-14 


A manipulation of the terms in Equation 14-6 gives Equation 14-7, which shows that 
Isec is equal to I,,; times the reciprocal of the turns ratio. 


1 
| (4p 


Thus, for a step-up transformer, in which n is greater than 1, the secondary current is less 
than the primary current. For a step-down transformer, n is less than 1, and J,.,. is greater 
than /,,;. When the secondary voltage is greater than the primary voltage, the secondary 
Sc is lower than the primary current and vice versa. 


1:10 P| 
(a) (b) 
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s ratio is 10. The current through the load is 
if 1 
(2) = (0.1)100mA = 10mA 


s ratio is 0.5. The current through the load is 


Primary Power Equals Load Power 


When a load is connected to the secondary winding of a transformer, the power transferred to 
the load can never be greater than the power in the primary winding. For an ideal transformer, 
the power delivered to the primary equals the power delivered by the secondary to the load. 
When losses are considered, some of the power is dissipated in the transformer rather than the 
load; therefore, the load power is always less than the power in the primary. 

Power is dependent on voltage and current, and there can be no increase in power in a 
transformer. Therefore, if the voltage is stepped up, the current is stepped down and vice 
versa. In an ideal transformer, the secondary power is equal to the primary power regardless 
of the turns ratio, as the following equations show. The power delivered to the primaty is 

P, pri — Vpril pri 
and the power delivered to the load is 


Psec = Vseclsec 
From Equations 14—7 and 14-5, 


By substitution, 


Prec = (5) hon 


Prec = Vprilpri = Pori 
This result is closely approached in practice by power transformers because of the very 
high efficiencies. 


Canceling terms yields 


uch? 
1 its primary winding and 250 turns in its secondary 
is the value of I,.,? 


current is necessary to produce a secondary load 
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14—5 REFLECTED LOAD 


Equation 14—8 


From the viewpoint of the primary, a load connected across the secondary winding of 
a transformer appears to have a resistance that is not necessarily equal to the actual 
resistance of the load. The actual load is “reflected” into the primary as determined by 
the turns ratio. This reflected load is what the primary source effectively sees, and it 
determines the amount of primary current. 


After completing this section, you should be able to 
e Discuss the concept of a reflected load in a transformer 
Define reflected resistance 
e Explain how the turns ratio affects the reflected resistance 


Calculate reflected resistance 


The concept of the reflected load is illustrated in Figure 14-16. The load (R;) in the 
secondary of a transformer is reflected into the primary by transformer action. The load 
appears to the source in the primary to be a resistance (R,,;) with a value determined by the 
turns ratio and the actual value of the load resistance. The resistance R,,; is called the 
reflected resistance. 


This actual load appears to 


the source as this reflected load. 


Actual load Reflected load 


& FIGURE 14-16 


Reflected load in a transformer circuit. 


The resistance in the primary of Figure 14-16 is Rpy; = Vpri/lpri. The resistance in the 
secondary is Rr = Vsec/Tsec. From Equations 14—4 and 14-6, you know that Vye¢/Vp,i = 
and Ip,j/Isec = n. Using these relationships, a formula for R,,; in terms of Ry is determined 


as follows: 
Rot _ Vprillpnt _ (Yet) (ix) _ (4)(4) . ey 
Ry, Vsech I sec Vsec 1 pri ie aL Me 
Solving for R,,,; yields 
] 2 
Roi a (+) Ry 


Equation 14-8 shows that the resistance reflected into the primary circuit is the Square of 
the reciprocal of the turns ratio times the load resistance. 
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EXAMPLE 14-7 Figure 14-17 shows a source that is transformer-coupled to a load resistor of 100 2. The 
transformer has a turns ratio of 4. What is the reflected resistance seen by the source? 


FIGURE 14-17 


Solution The reflected resistance is determined by Equation 14-8. 


_ il a 
Rp = a R, = 4 R, = 16 1000 = 6.25 0 


The source sees a resistance of 6.25 © just as if it were connected directly, as shown in 
the equivalent circuit of Figure 14-18. 


FIGURE 14-18 
Resistance “reflected” 


Pa from secondary 


Ron 


6.252 


Related Problem If the turns ratio in Figure 14-17 is 10 and R; is 600 ©, what is the reflected resistance? 


EXAMPLE 14-8 In Figure 14—17, if a transformer is used having a turns ratio of 0.25, what is the 
reflected resistance? 


Solution The reflected resistance is 


2 7 


This result illustrates the difference that the turns ratio makes. 


Related Problem To achieve a reflected resistance of 800 ©, what turns ratio is required in Figure 14-17? 


In a step-up transformer (n > 1), the reflected resistance is less than the actual load re- 
sistance; in a step-down transformer (n < 1), the reflected resistance is greater than the 
load resistance. This was illustrated in Examples 14~—7 and 14-8, respectively. 


reflected resistance. 
transformer characteristic determines the reflected resistance? 


former has a turns ratio of 10, and the load is 50 . How much resis- 
ed into the primary? 


fatio required to reflect a 4 Q load resistance into the primary as 400 2 
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14-6 IMPEDANCE MATCHING 


One application of transformers is in the matching of a load resistance to a source 
resistance to achieve maximum transfer of power. This technique is called impedance 
matching. Recall that the maximum power transfer theorem was studied in Chapter 8. 
In audio systems, special impedance matching transformers are often used to get the 
maximum amount of available power from the amplifier to the speaker 


After completing this section, you should be able to 
« Discuss impedance matching with transformers 
« Give a general definition of impedance 
« Define impedance matching 
¢ Explain the purpose of impedance matching 


e Describe a practical application 


Impedance is the opposition to current, including the effects of both resistance and re- 
actance combined.We will confine our usage in this chapter to resistance only. 

The concept of power transfer is illustrated in the basic circuit of Figure 14-19. Part (a) 
shows an ac voltage source with a series resistor representing its internal resistance. Some 
fixed internal resistance is inherent in all sources due to their internal circuitry or physical 
makeup. When the source is connected directly to a load, as shown in part (b), generally the 
objective is to transfer as much of the power produced by the source to the load as possi- 
ble. However, a certain amount of the power produced by the source is dissipated in its in- 
ternal resistance, and the remaining power goes to the load. 


Internal power 
dissipation in the source 


Rint Power 
dissipation 
in load 

V, 
(a) Voltage source with (b) A portion of the total power 
internal resistance, R;,, is dissipated in R;,, 


» FIGURE 14-19 
Power transfer from a nonideal voltage source to a load. 


In most practical situations, the internal source resistance of various types of sources 
is fixed. Also, in many cases, the resistance of a device that acts as a load is fixed and 
cannot be altered. If you need to connect a given source to a given load, remember that 
only by chance will their resistances match. In this situation, a special type of wide band 
transformer comes in handy. You can use the reflected-resistance characteristic provided 
by a transformer to make the load resistance appear to have the same value as the source 
resistance. This technique is called impedance matching, and the transformer is called 
an impedance-matching transformer because it also transforms reactances as well as 
resistances. 


IMPEDANCE MATCHING # 

Let’s take a practical, everyday situation to illustrate the concept of impedance match- 
ing. Assume that the input resistance of a TV receiver is 300 © An antenna must be con- 
nected to this input by a lead-in cable in order to receive TV signals. In this situation, the 
antenna and the lead-in act as the source, and the input resistance of the TV receiver is the 
load, as illustrated in Figure 14~20. 

Antenna 
Lead-in cable AN O 
receiver 
Rint Ry 
Source—antenna and lead-in Load-TV receiver 
(a) The antenna/lead-in is the source; the TV input is the load. (b) Circuit equivalent of antenna and TV receiver system 


» FIGURE 14-20 
An antenna directly coupled to a TV receiver. 


It is common for an antenna system to have a characteristic impedance of 75 ©. This 
means that the antenna and the lead-in wire appear as a 75 ©, source. Thus, if the 75 0 
source (antenna and lead-in) is connected directly to the 300 © TV input, maximum power 
will not be delivered to the input of the TV, and you will have poor signal reception. The 
solution is to use a matching transformer, connected as indicated in Figure 14~21, in order 
to match the 300 © load resistance to the 75 © source resistance. 


Source sees 


75 QO when 
the turns ratio 
is properly 


selected. 


Source Matching Load 
transformer 
» FIGURE 14-21 
Example of a load matched to a source by transformer coupling for maximum power transfer. 


To match the resistances, that is, to reflect the load resistance (R;) into the primary cir- 
cuit so that it appears to have a value equal to the internal source resistance (Rj,;), you must 
select a proper value of turns ratio (7). You want the 300 (2 Ioad to look like 75 (2 to the 
source. You can use Equation 14-8 to determine a formula for the turns ratio, n, when you 
know the values for R; and R,,,;, the reflected resistance, as follows: 


1 z 
Rori a (2) Ry 


Transpose terms and divide both sides by R;. 
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Take the square root of both sides. 


Invert both sides to get the following formula for the turns ratio: 


z Rr 
Equation 14-9 PO eae 
Rpri 


Finally, solve for this particular turns ratio. 


Ey 300 © 
OR ee cao 


Therefore, a matching transformer with a turns ratio of 2 must be used in this application. 


Amplifier Speaker/transformer 
equivalent circuit equivalent 


re 14-22 to provide maximum power to two 8 O, 


load resistance to the resistance of a source? 


What is the reflected resistance with 100 O 
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14-7 NONIDEAL TRANSFORMER CHARACTERISTICS 


Transformer operation has been discussed from an ideal point of view. That is, the 
winding resistance, the winding capacitance, and nonideal core characteristics were all 
neglected and the transformer was treated as if it had an efficiency of 100%. For study- 
ing the basic concepts and in many applications, the ideal model is valid. However, the 
practical transformer has several nonideal characteristics. 


After completing this section, you should be able to 
« Describe a nonideal transformer 


* List and describe the nonideal characteristics | 


Winding Resistance 


Both the primary and the secondary windings of a practical transformer have winding re- 
sistance. You learned about the winding resistance of inductors in Chapter 13. The winding 
resistances of a practical transformer are represented as resistors in series with the wind- 
ings as shown in Figure 14—23. 


“4 FIGURE 14-23 


Winding resistances in a practical 
R transformer. 
Ww 


Winding resistance in a practical transformer results in less voltage across a secondary 
load. Voltage drops due to the winding resistance effectively subtract from the primary and 
secondary voltages and result in load voltage that is less than that predicted by the rela- 
tionship V,,- = nV,,j;. In many cases, the effect is relatively small and can be neglected. 


Losses in the Core 


There is always some energy conversion in the core material of a practical transformer. 
This conversion is seen as a heating of ferrite and iron cores, but it does not occur in air 
cores. Part of this energy conversion is because of the continuous reversal of the magnetic 
field due to the changing direction of the primary current; this component of the energy 
conversion is called hysteresis loss. The rest of the energy conversion to heat is caused by 
eddy currents produced when voltage is induced in the core material by the changing mag- 
netic flux, according to Faraday’s law. The eddy currents occur in circular patterns in the 
core resistance, thus producing heat. This conversion to heat is greatly reduced by the use 
of laminated construction of iron cores. The thin layers of ferromagnetic material are insu- 
lated from each other to minimize the buildup of eddy currents by confining them to a small 
area and to keep core losses to a minimum. 
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Magnetic Flux Leakage 


In an ideal transformer, all of the magnetic flux produced by the primary current is assumed 
to pass through the core to the secondary winding, and vice versa. In a practical trans- 
former, some of the magnetic flux lines break out of the core and pass through the sur- 
rounding air back to the other end of the winding, as illustrated in Figure 14-24 for the 
magnetic field produced by the primary current. Magnetic flux leakage results in a reduced 
secondary voltage. 


® FIGURE 14-24 Leakage flux 


Flux leakage in a practical trans- 
former. 


eRe 
1p 


quai 


The percentage of magnetic flux that actually reaches the secondary winding determines 
the coefficient of coupling of the transformer. For example, if nine out of ten flux lines remain 
inside the core, the coefficient of coupling is 0.90 or 90%. Most iron-core transformers have 
very high coefficients of coupling (greater than 0.99), while ferrite-core and air-core devices 
have lower values. 


Winding Capacitance 


As you learned in Chapter 13, there is always some stray capacitance between adjacent 
turns of a winding. These stray capacitances result in an effective capacitance in parallel 
with each winding of a transformer, as indicated in Figure 14-25. 


» FIGURE 14-25 ° re) 
Winding capacitance in a practical 
transformer. : -- —— } 
| | 
C : 
al 1 Cw 
L.——¥% er | 
e O 


These stray capacitances have very little effect on the transformer’s operation at low 
frequencies (such as power line frequencies) because the reactances (X¢) are very 
high. However, at higher frequencies, the reactances decrease and begin to produce a 
bypassing effect across the primary winding and across the secondary load. As a result, 
less of the total primary current is through the primary winding, and less of the total 
secondary current is through the load. This effect reduces the load voltage as the fre- 
quency goes up. 
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Transformer Power Rating 


A power transformer is typically rated in volt-amperes (VA), primary/secondary voltage, 
and operating frequency. For example, a given transformer rating may be specified as 
2 kVA, 500/50, 60 Hz. The 2 kVA value is the apparent power rating. The 500 and the 
50 can be either secondary or primary voltages. The 60 Hz is the operating frequency. 

The transformer rating can be helpful in selecting the proper transformer for a given ap- 
plication. Let’s assume, for example, that 50 V is the secondary voltage. In this case the 
load current is 


Prec = 2kKVA 
Tr —  — 
Veg DON 
On the other hand, if 500 V is the secondary voltage, then 
Pyee  2kVA 
Tr = = = 
Vien S00V 


These are the maximum currents that the secondary can handle in either case. 

The reason that the power rating is in volt-amperes (apparent power) rather than in watts 
(true power) is as follows: If the transformer load is purely capacitive or purely inductive, 
the true power (watts) delivered to the load is zero. However, the current for V,.. = 500 V 
and X- = 100 © at 60 Hz, for example, is 5 A. This current exceeds the maximum that the 
2 kVA secondary can handle, and the transformer may be damaged. So it is meaningless to 
specify power in watts. 


Transformer Efficiency 


Recall that the power delivered to the load is equal to the power delivered to the primary in 
an ideal transformer. Because the nonideal characteristics just discussed result in a power 
loss in the transformer, the secondary (output) power is always less than the primary (in- 
put) power. The efficiency (1) of a transformer is a measure of the percentage of the input 
power that is delivered to the output. 

lis out 


n= (Sa) 100% Equation 14-10 
leh 


Most power transformers have efficiencies in excess of 95% under load. 


(25 kVA 
24kVA 


) 100% = 90% 


t of 8 A with a primary voltage of 440 V. The 
econdary voltage is 100 V. What is the efficiency? 
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al transformer differs from the ideal model. 
pling of a certain transformer is 0.85. What does this mean? 


ar has a rating of 10 kVA. If the secondary voltage is 250 V, how 
1 the transformer handle? 


14-8 TAPPED AND MULTIPLE-WINDING TRANSFORMERS 


The basic transformer has several important variations. They include tapped trans- 
formers, multiple-winding transformers, and autotransformers. 


After completing this section, you should be able to 
Describe several types of transformers 


¢ Describe center-tapped transformers 


Describe multiple-winding transformers 


| | = Center tap (CT) 


(a) Center-tapped transformer 


Tapped Transformers 


A schematic of a transformer with a center-tapped secondary winding is shown in Figure 
14-26(a). The center tap (CT) is equivalent to two secondary windings with half the to- 
tal voltage across each. 


5 2 


Cc Voltages with respect 
T to the center tap 


(b) Output voltages with respect to the center tap are 180° out of phase with each 
other and are one-half the magnitude of the secondary voltage. 


« FIGURE 14-26 
Operation of a center-tapped transformer. 


The voltages between either end of the secondary winding and the center tap are, at any 
instant, equal in magnitude but opposite in polarity, as illustrated in Figure 14—26(b). Here, 
for example, at some instant on the sinusoidal voltage, the polarity across the entire sec- 
ondary winding is as shown (top end +, bottom —). At the center tap, the voltage is less 
positive than the top end but more positive than the bottom end of the secondary. Therefore, 
measured with respect to the center tap, the top end of the secondary is positive, and the 
bottom end is negative. This center-tapped feature is used in many power supply rectifiers 
in which the ac voltage is converted to dc, as illustrated in Figure 14-27. 

Some tapped transformers have taps on the secondary winding at points other than the 
electrical center. Also, single and multiple primary and secondary taps are sometimes used 
in Certain applications, such as impedance-matching transformers that normally have a 
center-tapped primary. Examples of these types of transformers are shown in Fi gure 14-28. 
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ac in Pulsating de out 


Rectifier 
circuit 


© 
- The rectifier takes 
these two half-cycles 
and combines them to 
get this waveform. 


Application of a center-tapped transformer in ac-to-dc conversion. 


» FIGURE 14-27 


(a) (b) (c) 


» FIGURE 14-28 


Tapped transformers. 


One example of a transformer with a multiple-tap primary winding and a center-tapped 
secondary winding is the utility-pole transformer used by power companies to step down 
the high voltage from the power line to 110 V/220 V service for residential and commercial 
customers, as shown in Figure 14-29. The multiple taps on the primary winding are used 
for minor adjustments in the turns ratio in order to overcome line voltages that are slightly 
too high or too low. 


Service 
entrance 


Building 


Distribution 
or breaker box 


SLLIL CLA TL DELLA LOS EA ALP EA DLA SL LAA IDAA ETE 


=< — Earth 


ground 


@ FIGURE 14-29 


Utility-pole transformer in a typical 


power distribution system. 
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Multiple-Winding Transformers 


Some transformers are designed to operate from either 110 V ac or 220 V ac lines. These 
transformers usually have two primary windings, each of which is designed for 110 V ac. 
When the two are connected in series, the transformer can be used for 220 V ac operations, 
as illustrated in Figure 14-30. 


O° O 
Primary | 110 V ac 1 
Secondary 220 V ac 
Primary 2 2 


(a) Two primary windings (b) Primary windings in parallel (c) Primary windings in series 
for 110 V ac operation for 220 V ac operation 


A FIGURE 14-30 
Multiple-primary transformers. 


More than one secondary can be wound on a common core. Transformers with several 
secondary windings are often used to achieve several voltages by either stepping up or step- 
ping down the primary voltage. These types are commonly used in power supply applications 
in which several voltage levels are required for the operation of an electronic instrument. 

A typical schematic of a multiple-secondary transformer is shown in Figure 14-31; 
this transformer has three secondaries. Sometimes you will find combinations of multiple- 
primary, multiple-secondary, and tapped transformers all in one unit. 


» FIGURE 14-31 
A multiple-secondary transformer. 1 


> 14-32 has the numbers of turns indicated. One of the 
If 120 V ac are connected to the primary, determine 
voltages with respect to the center tap (CT) on the 


50 turns 
120V = : CT ¢ 2000 turns 


100 turns 
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Vas = MapVpri = (0.05)120 V = 6V 


240 V 


Viene = Vicnp = —5— = L20V 


mary with 500 turns. 


Autotransformers 


In an autotransformer, one winding serves as both the primary and the secondary. The 
winding is tapped at the proper points to achieve the desired turns ratio for stepping up or 
stepping down the voltage. 

Autotransformers differ from conventional transformers in that there is no electrical 
isolation between the primary and the secondary because both are on one winding. Auto- 
transformers normally are smaller and lighter than equivalent conventional transformers 
because they require a much lower kVA rating for a given load. Many autotransformers 
provide an adjustable tap using a sliding contact mechanism so that the output voltage can 
be varied (these are often called variacs). Figure 14-33 shows schematic symbols for var- 
ious types of autotransformers. Autotransformers are used in starting industrial induction 
motors and regulating transmission line voltages. 

Example 14—12 illustrates why an autotransformer has a kVA requirement that is less 


than the input or output kVA. 
@ FIGURE 14-33 
Types of autotransformers. 
Input Variable 
Output output 
Input Output 
(a) Step-up (b) Step-down (c) Variable 


{ to change a source voltage of 220 V to a load voltage of 
e. Determine the input and output power in kilovolt- 
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The load current, J;, is determined as 


3 = = = o =20A 

The input power is the total source voltage (V,) times the total current from the 
source (/;). 

Pin = Vili 
The output power is the load voltage, V3, times the load current, /. 

Pow = V3is 
For an ideal transformer, Pj, = Poy; thus, 

Viti = Val 


Solving for J; yields 


_ Valy _ (160 V)(20A) 


= 1455A 
Vi 220 V 


q 


Applying Kirchhoff’s current law at the tap junction, 
h=h+h 
Solving for Jy, the current through winding B, yields 
bh =1, —-h = 14.55A — 200A = —5.45A 


The minus sign indicates J, is out of phase with [;. 
The input and output power are 


Pin = Pog = V3l3 = (160 V)(20 A) = 3.2KVA 
The power in winding A is 
P4 = Vol, = (60 V)(14.55 A) = 873 VA = 0.873 KVA 
The power in winding B is 
Pp = V3Iz = (160 V)(5.45 A) = 872 VA = 0.872kVA 


Thus, the power rating required for each winding is less than the power that is deliv- 
ered to the load. The slight difference in the calculated powers in windings A and B is 
due to rounding. 


Related Problem What happens to the kVA requirement if the load is changed to 4 0? 


as two secondary windings. The turns ratio from the primary 
idary is 10. The turns ratio from the primary to the other 
) V ac are applied to the primary, what are the secondary 


one disadvantage of an autotransformer over a conventional 
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14—9 TROUBLESHOOTING 


Transformers are reliable devices when they are operated within their specified range. 
Common failures in transformers are opens in either the primary or the secondary 
windings. One cause of such failures is the operation of the device under conditions 
that exceed its ratings. Normally, when a transformer fails, it is difficult to repair and 
therefore the simplest procedure is to replace it. A few transformer failures and the 
associated symptoms are covered in this section. 


After completing this section, you should be able to 


¢ Troubleshoot transformers 


Open Primary Winding 


When there is an open primary winding, there is no primary current and, therefore, no in- 
duced voltage or current in the secondary. This condition is illustrated in Figure 14—35(a), 
and the method of checking with an chmmeter is shown in part (b). 


Tyee = 0 v,=0 


| ty fee 


= 


V, ay 
oS) = 


(a) Conditions when the primary winding is open Disconnect source from primary winding. 
(b) Checking the primary winding with an ohmmeter 


» FIGURE 14-35 
Open primary winding. 


Open Secondary Winding 


When there is an open secondary winding, there is no current in the secondary circuit and, 
as aresult, no voltage across the load. Also, an open secondary causes the primary current 
to be very small (there is only a small magnetizing current). In fact, the primary current 
may be practically zero. This condition is illustrated in Figure 14—36(a), and the ohmmeter 
check is shown in part (b). 


Shorted or Partially Shorted Windings 


Shorted windings are very rare and if they do occur are very difficult to find unless there 
is a visual indication or a large number of windings are shorted. A completely shorted 
primary winding will draw excessive current from the source; and unless there is a 
breaker or a fuse in the circuit, either the source or the transformer or both will burn out. 
A partial short in the primary winding can cause higher than normal or even excessive 
primary current. 
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Very small primary 
current 


Disconnect load 
from secondary 


ly oo Winding 


=e 


(a) Conditions when the secondary winding is open (b) Checking the secondary winding with the ohmmeter 


» FIGURE 14-36 
Open secondary winding. 


In the case of a shorted or partially shorted secondary winding, there is an excessive pri- 
mary current because of the low reflected resistance due to the short. Often, this excessive 
current will burn out the primary winding and result in an open. The short-circuit current in 
the secondary winding causes the load current to be zero (full short) or smaller than normal 
(partial short), as demonstrated in Figure 14—37(a) and (b). The ohmmeter check for this 
condition is shown in part (c). 


Excessively high Higher J,,,; Less /,,.and V;, 
than normal than normal 


primary current 


Some 
windings 
shorted 


(a) Secondary winding completely shorted (b) Secondary winding partially shorted 


Zero or lower 


than normal reading R el 
emove loa 


from secondary 
winding 


/ 


Rr 


(c) Checking the secondary winding with the ohmmeter 
4 FIGURE 14-37 


Shorted secondary winding. 


in a transformer and state the most likely one. 
of transformer failure? 


A common application of the 
transformer is in de power supplies. The 


circuitry where it is converted to a dc voltage. You will troubleshoot 
four identical transformer-coupled dc power supplies and, based on 
a series of measurements, determine the fault, if any, in each. 

The transformer (7) in the power supply schematic of Figure 
14~38 steps the 110 V rms at the ac outlet down to a level that 
can be converted by the diode bridge rectifier, filtered, and 
regulated to obtain a 6 V dc output. The diode rectifier changes 
the ac to a pulsating full-wave dc voltage that is smoothed by the 
capacitor filter C,. The voltage regulator is an integrated circuit 
that takes the filtered voltage and provides a constant 6 V dc over 
a range of load values and line voltage variations. Additional 
filtering is provided by capacitor C2. You will learn about these 
circuits in a later course. The circled numbers in Figure 14-38 
correspond to measurement points on the power supply board. 


110 Vac 


. FIGURE 14-39 
Power supply board (top view). 


A Circuit APPLICATION ¢ 


A Circuit Application 


i The Power Supply 


You have four identical power supply boards to troubleshoot like 
transformer is used to change and couple ; 


the ac line voltage into the power supply : winding of transformer 7, is protected by the fuse. The second- 


the one shown in Figure 14—39. The power line to the primary 


ary winding is connected to the circuit board containing the rec- 


: tifier, filter, and regulator. Measurement points are indicated by 


: the circled numbers. 


Measuring Voltages on Power Supply Board 1 


After plugging the power supply into a standard wall outlet, an 
autoranging portable multimeter is used to measure the voltages. 
In an autoranging meter, the appropriate measurement range is 
automatically selected instead of being manually selected as in a 


: standard multimeter. 


@ Determine from the meter readings in Figure 1440 whether 


or not the power supply is operating properly. If it is not, isolate 
the problem to one of the following: the circuit board con- 


» FIGURE 14-38 

Basic transformer-coupled dc power 
supply. 

oO DC output 
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taining the rectifier, filter, and regulator; the transformer; the 
fuse; or the power source. The circled numbers on the meter 
inputs correspond to the numbered points on the power sup- 
ply in Figure 14-39. 


Measuring Voltages on Power Supply Boards 2, 3, and 4 


® Determine from the meter readings for boards 2, 3, and 4 in 
Figure 14-41 whether or not each power supply is operating 


properly. If it is not, isolate the problem to one of the following: 


Gp ap ep cp > Gp a> a 


RESET RQ/LPO RESET Q/LPD 


» i) 
- 2.2 . 


7024 mA COM 


» FIGURE 14-40 


Voltage measurements on power supply board 1. 


Board 2 measurements 


mr 
{LOLI v 


® Ow 


Board 3 measurements 


(sees i - v~ 


the circuit board containing the rectifier, filter, and regulator; 
the transformer; the fuse; or the power source. Only the meter 
displays and corresponding measurement points are shown. 


: Review 


1. In the case where the transformer was found to be faulty, how 
can you determine the specific fault (open windings or 
shorted windings)? 


i 2. What type of fault could cause the fuse to blow? 


co france) ap 
RESET NULPR RESET P/LPQ 
») i) 
> 


2-20 
un 


 emmeeitate 
ra) sts) 


© @Ov= 


(ror 
( Ltt v 
@ v: 


Board 4 measurements 


(mor 
(Ltd! y 


» FIGURE 14-41 


Measurements for power supply boards 2, 3, and 4. 


(rir yee | 
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® A normal transformer consists of two or more coils that are magnetically coupled on a common 


core. 


© There is mutual inductance between two magnetically coupled coils. 


0 


When current in one coil changes, voltage is induced in the other coil. 


® The primary is the winding connected to the source, and the secondary is the winding connected 
to the load. 


® The number of turns in the primary and the number of turns in the secondary determine the turns 
ratio. 


® The relative polarities of the primary and secondary voltages are determined by the direction of 
the windings around the core. 


A step-up transformer has a turns ratio greater than 1. 
A step-down transformer has a turns ratio less than L. 


A transformer cannot increase power. 


¢$¢ ¢ ¢ 


In an ideal transformer, the power from the source (input power) is equal to the power delivered 
to the load (output power). 


® If the voltage is stepped up, the current is stepped down, and vice versa. 


® A load across the secondary winding of a transformer appears to the source as a reflected load 
having a value dependent on the reciprocal of the turns ratio squared. 


® Certain transformers can match a load resistance to a source resistance to achieve maximum 
power transfer to the load by selecting the proper turns ratio. 


® A typical transformer does not respond to de. 


® Conversion of electrical energy to heat in an actual transformer results from winding resistances, 
hysteresis loss in the core, eddy currents in the core, and flux leakage. 


Key terms and other bold terms in the chapter are defined in the end-of-book glossary. 


Apparent power rating The method of rating transformers in which the power capability is ex- 
pressed in volt-amperes (VA). 


Center tap (CT) A connection at the midpoint of a winding in a transformer. 


Impedance matching A technique used to match a load resistance to a source resistance in order 
to achieve maximum transfer of power. 


Magnetic coupling The magnetic connection between two coils as a result of the changing mag- 
netic flux lines of one coil cutting through the second coil. 


Mutual inductance (Lj,;) The inductance between two separate coils, such as in a transformer. 
Primary winding The input winding of a transformer; also called primary. 

Reflected resistance The resistance in the secondary circuit reflected into the primary circuit. 
Secondary winding The output winding of a transformer; also called secondary. 


Transformer An electrical device constructed of two or more coils (windings) that are electro- 
magnetically coupled to each other to provide a transfer of power from one coil to another. 


Turns ratio (”) The ratio of turns in the secondary winding to turns in the primary winding. 


141 (oi “f Coefficient of coupling 
1 
14-2 Ly = kV Eyl, Mutual inductance 
N. 
14-3 n= an Turns ratio 
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Vy, N 
144 s= Voltage ratio 
Vori Nori 
145 Veee = OV ori Secondary voltage 
Tori 
14-6 —e=n Current ratio 
Tc 
1 
147 Iveco = = Lori Secondary current 
1 2 
14-8 Roi = (2) R, Reflected resistance 
n 
Ry E F : 
14-9 n= .{— Turns ratio for impedance matching 
V Rori 
P out iS 
14-10 R= P 100% Transformer efficiency 
in 


1. 


2. 


10. 


11. 


A transformer is used for 
(a) dc voltages (b) ac voltages (©) both de and ac 


Which one of the following is affected by the turns ratio of a transformer? 


(a) primary voltage (b) dc voltage 
(c) secondary voltage (d) none of these 


If the windings of a certain transformer with a turns ratio of 1 are in opposite directions around 
the core, the secondary voltage is 


(a) in phase with the primary voltage (b) less than the primary voltage 
(c) greater than the primary voltage (d) out of phase with the primary voltage 


. When the turns ratio of a transformer is 10 and the primary ac voltage is 6 V, the secondary 


voltage is 
(a) 60V (b) 0.6V (c) 6V (d) 36V 


. When the turns ratio of a transformer is 0.5 and the primary ac voltage is 100 V, the secondary 


voltage is 
(a) 200 V (b) 50 V (c) 10V (d) 100 V 


. A certain transformer has 500 turns in the primary winding and 2500 turns in the secondary 


winding. The turns ratio is 
(a) 0.2 (b) 2.5 (ce) 5 (d) 0.5 


. If 10 W of power are applied to the primary of an ideal transformer with a turns ratio of 5, the 


power delivered to the secondary load is 
(a) 50 W (b) 0.5 W (c) OW (d) 10W 


- In a certain loaded transformer, the secondary voltage is one-third the primary voltage. The 


secondary current is 

(a) one-third the primary current (b) three times the primary current 

(c) equal to the primary current (d) less than the primary current 

When a 1.0k© load resistor is connected across the secondary winding of a transformer with a 
turns ratio of 2, the source “sees” a reflected load of 


(a) 2500 (b) 2k0 (c) 4k0 (d) 1.0k0 

In Question 9, if the turns ratio is 0.5, the source “sees” a reflected load of 
(a) 1.0k0 (b) 2kO (ce) 4k0 (d) 5000 

The turns required to match a 50 2 source to a 200 CO load is 

(a) 0.25 (b)05 ()4 (a2 
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12, Maximum power is transferred from a source to a load in a transformer coupled circuit when 
(a) Rp > Rin (b) Re < Rin (©) AP Re = Rie) Re = Ri 


13. When a 12 V baitery is connected across the primary of a transformer with a turns ratio of 4, 
the secondary voltage is 


(a) OV (b) 12V (c) 48 V (d) 3V 


14. A certain transformer has a turns ratio of I and a 0.95 coefficient of coupling. When J V ac is 
applied to the primary, the secondary voltage is 


(a) lV (b) 1.95 V (c) 0.95 V 


Answers are at the end of the chapter. 


Refer to Figure 14—43(c). 
1. If the ac source shorts out, the voltage across Ry, 
(a) increases (b) decreases (c) stays the same 
2. If the dc source shorts out, the voltage across R;, 
(a) increases (b) decreases (c) stays the same 
3. If Rz, opens, the voltage across it 
(a) increases (b) decreases (c) stays the same 


Refer to Figure 14-45, 
4, If the fuse opens, the voltage across Ry, 
(a) increases (b) decreases (c) stays the same 
5. If the turns ratio is changed to 2, the current through Ry, 
(a) increases (b) decreases (c) stays the same 
6. If the frequency of the source voltage is increased, the voltage across Ry, 


(a) increases (b) decreases (c) stays the same 


Refer to Figure 14-49. 
7. If the source voltage is increased, the loudness of the sound from the speaker 
(a) increases (b) decreases (c) stays the same 
8. If the turns ratio is increased, the loudness of the sound from the speaker 


(a) increases (b) decreases (c) stays the same 


Refer to Figure 14-50. 


9. 10 V rms are applied across the primary. If the left switch is moved form position | to position 
2, the voltage from the top of R, to ground 


(a) increases (b) decreases (c) stays the same 


10. Again, 10 V rms are applied across the primary. With both switches in position | as shown and 
if R, opens, the voltage across Rj 


(a) increases (b) decreases (c) stays the same 


More difficult problems are indicated by an asterisk (*). 
_ Answers to odd-numbered problems are at the end of the book. 


SECTION 14-1 Mutual Inductance 


1. What is the mutual inductance when k = 0.75, L; = 1 wH, and Ly = 4 pH? 
2. Determine the coefficient of coupling when Ly = 1 wH, L; = 8 pH, and In = 2 pH. 
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SECTION 14-2 The Basic Transformer 


3. What is the turns ratio of a transformer having 250 primary turns and 1000 secondary turns? What 
is the turns ratio when the primary winding has 400 turns and the secondary winding has 100 tums? 


4. A certain transformer has 250 turns in its primary winding. In order to double the voltage, how 
many turns must be in the secondary winding? 


5. For each transformer in Figure 14-42, draw the secondary voltage showing its relationship to 
the primary voltage. Also indicate the amplitude. 
Sil A 
e 
| 
B 


7. The primary winding of a transformer has 120 V ac across it. What is the secondary voltage if 
the turns ratio is 5? 


1:10 A 1:2 A 
50 V rms iT 
ee e 
B OB 
(b) 


» FIGURE 14-42 


(a) 


SECTION 14-3 Step-Up and Step-Down Transformers 
6. To step 240 V ac up to 720 V, what must the turns ratio be? 


8. How many primary volts must be applied to a transformer with a turns ratio of 10 to obtain a 
secondary voltage of 60 V ac? 


9. To step 120 V down to 30 V, what must the turns ratio be? 


10. The primary winding of a transformer has 1200 V across it. What is the secondary voltage if 
the turns ratio is 0.2? 


11. How many primary volts must be applied to a transformer with a turns ratio of 0.1 to obtain a 
secondary voltage of 6 V ac? 


12. What is the voltage across the load in each circuit of Figure 14-43? 


(a) (b) 
» FIGURE 14-43 


13. Determine the unspecified meter readings in Figure 14-44. 


2.7kO 


i) (b) 
» FIGURE 14~44 


SECTION 14-4 


SECTION 14-5 


SECTION 14-6 


Prostems @ 595 


Loading the Secondary Winding 
14, Determine /, in Figure 14-45. What is the value of R,? 


» FIGURE 14-45 


15. Determine the following quantities in Figure 1446. 
(a) Primary current (b) Secondary current 


(c) Secondary voltage (d) Power in the load 


» FIGURE 14-46 Fuse 


2:1 
. @ 3 | | _ 
Reflected Load 


16. What is the load resistance as seen by the source in Figure 14-47? 


© FIGURE 14-47 Fike 


17. What must the turns ratio be in Figure 14-48 in order to reflect 300 © into the primary circuit? 


© FIGURE 14-48 Fuse 


R, 
1.0 kO 


Matching the Load and Source Resistances 


18. For the circuit in Figure 1449, find the turns ratio required to deliver maximum power to the 
4 © speaker. 


19. In Figure 1449, what is the maximum power that can be delivered to the 4 0. speaker? 


© FIGURE 14-49 160 


mG BI 
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SECTION 14-7 


SECTION 14-8 


*20. Find the appropriate turns ratio for each switch position in Figure 14-50 in order to transfer the 
maximum power to each load when the source resistance is 10 (1. Specify the number of turns 
for the secondary winding if the primary winding has 1000 turns. 


® FIGURE 14-50 


Neet1) 


Neect 3) 


Nonideal Transformer Characteristics 


21. Ina certain transformer, the input power to the primary is 100 W. If 5.5 W are lost in the wind- 
ing resistances, what is the output power to the load, neglecting any other losses? 


22. What is the efficiency of the transformer in Problem 21? 


23. Determine the coefficient of coupling for a transformer in which 2% of the total flux generated 
in the primary does not pass through the secondary. 


*24. A certain transformer is rated at | kVA. It operates on 60 Hz, 120 V ac. The secondary voltage 
is 600 V. 


(a) What is the maximum load current? 
(b) What is the smallest R; that you can drive? 
(c) What is the largest capacitor that can be connected as a load? 


25. What kVA rating is required for a transformer that must handle a maximum load current of 10 A 
with a secondary voltage of 2.5 kV? 


*26. A certain transformer is rated at 5 kVA, 2400/120 V, at 60 Hz 
(a) What is the tums ratio if the 120 V is the secondary voltage? 
(b) What is the current rating of the secondary if 2400 V is the primary voltage? 
(c) What is the current rating of the primary winding if 2400 V is the primary voltage? 


Tapped and Multiple-Winding Transformers 


27. Determine each unknown voltage indicated in Figure 14-51. 


» FIGURE 14-51 


5O0turns V, 


100 turns V.- | 


a 


100turns V3 | 
oO 


28. Using the indicated secondary voltages in Figure 14-52, determine the turns ratio of each 
tapped section of the secondary winding to the primary winding. 


® FIGURE 14-52 


12V 
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PROBLEMS ® 


29. Find the secondary voltage for each autotransformer in Figure 14-53. 


120 V ac 500 turns 
250 turns 


200 turns 
V, 


sec 


oOo O 


(a) (b) 


A FIGURE 14-53 


30. In Figure 14-54, each primary can accommodate 120 V ac. How should the primaries be 
connected for 240 V ac operation? Determine each secondary voltage for 240 V operation. 


» FIGURE 14-54 
a aS ae 100 turns 
1000 turns 
= 500 turns 
1000 turns 
= 1000 turns 


*31. For the loaded, tapped-secondary transformer in Figure 14~55, determine the following: 
(a) All load voltages and currents 


(b) The resistance reflected into the primary 


» FIGURE 14-55 


400 turns 


6020° V 1200 turns 
300 turns 


Troubleshooting 
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32. When you apply 120 V ac across the primary winding of a transformer and check the voltage 
across the secondary winding, you get 0 V. Further investigation shows no primary or second- 


ary currents. List the possible faults. What is your next step in investigating the problem? 


33. What is likely to happen if the primary winding of a transformer shorts? 


34. While checking out a transformer, you find that the secondary voltage is less than it should be 


although it is not zero. What is the most likely fault? 


Multisim Troubleshooting and Analysis 

These problems require your Multisim CD-ROM. 

35. Open file P14-35 and measure the secondary voltage. Determine the turns ratio. 
36. Open file P14-36 and determine by measurement if there is an open winding. 
37. Open file P14-37 and determine if there is a fault in the circuit. 
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SECTION REVIEWS 


SECTION 14-1 Mutual Inductance 
1. Mutual inductance is the inductance between two coils. 
2. Ly = KV LiLo = 45 mH 
3. The induced voltage increases if k increases. 


SECTION 14-2 The Basic Transformer 
1. Transformer operation is based on mutual inductance. 
2. The turns ratio is the ratio of turns in the secondary winding to turns in the primary winding. 
3. The directions of the windings determine the relative polarities of the voltages. 
4, n = 250/500 = 0.5 


SECTION 14-3 Step-Up and Step-Down Transformers 
1. A step-up transformer produces a secondary voltage that is greater than the primary voltage. 
2. Vsec is five times greater than V,,,;. 
SF View Vor, — 10(240'V)' = 2400 V 
4. A step-down transformer produces a secondary voltage that is less than the primary voltage. 
5. Veec = (0.5)120 V = 60 V 
6. n = 12 V/120V = 0.1 


7. Electrical isolation is the condition that exists when two coils are magnetically linked but have 
no electrical connection between them. 


SECTION 14-4 Loading the Secondary Winding 
1. Asec is less than I,,,; by half. 
2. Igec = (1000/250)0.5A = 2A 
3. Ip: = (250/1000)10 A = 2.5A 


SECTION 14-5 Reflected Load 


1. Reflected resistance is the resistance in the secondary, altered by the reciprocal of the turns 
ratio squared, as it appears to the primary. 

2. The turns ratio determines reflected resistance. 

3. Roi = (0.1)°50 2 = 0.50, 

4.n=0.1 


SECTION 14-6 Matching the Load and Source Resistances 
1. Impedance matching makes the load resistance equal the source resistance. 
2. Maximum power is delivered to the load when R; = R;. 
3. Rpri = (100/50)7100 , = 400 0 


SECTION 14-7 Nonideal Transformer Characteristics 


1. In a practical transformer, conversion of electrical energy to heat reduces the efficiency. An 
ideal transformer has an efficiency of 100%. 

2. When k = 0.85, 85% of the magnetic flux generated in the primary winding passes through the 
secondary winding. 

3. I, = 10kVA/250 V = 40A 
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SECTION 14-8 Tapped and Multiple-Winding Transformers 
1. Vyec = (10)240 V = 2400 V, Veer = (0.2)240 V = 48 V 


2. An autotransformer is smaller and lighter for the same rating than a conventional one. An 
autotransformer has no electrical isolation. 


SECTION 14-9 Troubleshooting 


1. Transformer faults: open windings are the most common, shorted windings are much less 
common. 


2. Operating above rated values will cause a failure. 


A Circuit Application 


1. Use an ohmmeter to check for open windings. Shorted windings are indicated by an incorrect 
secondary voltage. 


2. A short will cause the fuse to blow. 


RELATED PROBLEMS FOR EXAMPLES 


14-1 
14-2 
14-3 
14-4 
14-5 
14-6 
14-7 
14-8 
14-9 
14-10 
14-11 
14-12 


0.75 

387 wH 

5000 turns 

480 V 

57.6 V 

5 mA; 400 mA 

60 

0.354 

0.0707 or 14.14:1 
85.2% 

Vag = 12 V, Vep = 480 V. Vicne = Vicnp = 240V, Ver = 24V 
Increases to 1.75 kVA 


SELF-TEST 


1. (b) 
9. (a) 


Z(G) 3. (d) 4, (a) 5. (b) 6. (c) 7. (d) 8. (b) 
10. (c) 11. (d) 12. (c) 13. (a) 14. (c) 


CIRCUIT DYNAMICS QUIZ 


1. (b) 
6. (c) 


2() 3.) 4b) 5. (a) 
7. (a) 8 (a) 9%(b) 10.) 


The Complex Number System 

Sinusoidal Response of Series RC Circuits 
Impedance of Series RC Circuits 

Analysis of Series RC Circuits 


Impedance and Admittance of Parallel RC Circuits 
Analysis of Parallel RC Circuits 


Analysis of Series-Parallel RC Circuits 
SPECIAL TOPICS 

Power in RC Circuits 

Basic Applications 

Troubleshooting 

A Circuit Application 


* Use complex numbers to express phasor quantities 


® Describe the relationship between current and voltage in a 
series RC circuit 


® Determine the impedance of a series RC circuit 
Analyze a series RC circuit 


@ Determine impedance and admittance in a parallel RC circuit 


* Analyze a parallel RC circuit 
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x Analyze series-parallel RC circuits 


oe 


. @ Determine power in RC circuits 
@ Discuss some basic RC applications 
@ Troubleshoot RC circuits 


D RAC 


* Complex plane 
@ Real number 

® Imaginary number 
® Rectangular form 


@ Polar form 
@ Impedance 
* Capacitive susceptance (B,) 
* Admittance (Y) 


Apparent power (P,) @ Frequency response 
® Cutoff frequency 


¢ Bandwidth 


¢@ Power factor 
Filter 


CIRCUIT APPLICATION PREV 


The frequency response of the RC input circuit in an amplifier 
is similar to the one you worked with in Chapter 12 and is the 
subject of this chapter’s circuit application. 


Study aids for this chapter are available at 
http://www. prenhall.com/floyd 


An RC circuit contains both resistance and capacitance. In this 
chapter, basic series and parallel RC circuits and their re- 
sponses to sinusoidal ac voltages are presented. Series-parallel 
combinations are also analyzed. True, reactive, and apparent 
power in RC circuits are discussed and some basic RC circuit 
applications are introduced. Applications of RC circuits in- 
clude filters, amplifier coupling, oscillators, and wave-shaping 
circuits. Troubleshooting is also covered in this chapter. 

The first section of this chapter provides an introduction 
to complex numbers, an important tool for the analysis of ac 
circuits. The complex number system is a way to mathemati- 
cally express a phasor quantity and allows phasor quantities 
to be added, subtracted, multiplied, and divided. You will 
use complex numbers in Chapters 15, 16, and 17. 


rear 


This chapter and Chapters 16 and 17 are each divided into 
four parts: Series Circuits, Parallel Circuits, Series-Parallel 
Circuits, and Special Topics. This organization facilitates 
either of two options to the coverage of reactive circuits in 
Chapters 15, 16, and 17. 

( Study all RC circuit topics (Chapter 15) first, fol- 
lowed by all RL circuit topics (Chapter 16), and then all RLC 
circuit topics (Chapter 17). Using this approach, you simply 
cover Chapters 15, 16, and 17 in sequence. 


Study series reactive circuits first. Then study 
parallel reactive circuits, followed by series-parallel reactive 
circuits and finally special topics. Using this approach, you 
cover Part 1: Series Circuits in Chapters 15, 16, and 17; then 
Part 2: Parallel Circuits in Chapters 15, 16, and 17; then Part 3: 
Series-Parallel Circuits in Chapters 15, 16, and 17. Finally, 
Part 4: Special Topics can be covered in each of the chapters, 


SERIES CIRCUITS 


With an Introduction to Complex Numbers 


15-1 THE ComMpLeEX NUMBER SYSTEM 


Complex numbers allow mathematical operations with phasor quantities and are useful 
in the analysis of ac circuits. With the complex number system, you can add, subtract, 
multiply, and divide quantities that have both magnitude and angle, such as sine waves 
and other ac circuit quantities. Most scientific calculators can perform operations with 
complex numbers. Consult your user’s manual for the exact procedure. 


After completing this section, you should be able to 
¢ Use complex numbers to express phasor quantities 
¢ Describe the complex plane 
¢ Represent a point on the complex plane 


¢ Discuss real and imaginary numbers 


Positive and Negative Numbers 


Positive numbers are represented by points to the right of the origin on the horizontal axis of 
a graph, and negative numbers are represented by points to the left of the origin, as illustrated 
in Figure 15—1(a). Also, positive numbers are represented by points on the vertical axis above 


<@ FIGURE 15-1 


Graphic representation of positive 
and negative numbers. 
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the origin, and negative numbers are represented by points below the origin, as shown in 
Figure 15—1(b). 


The Complex Plane 


To distinguish between values on the horizontal axis and values on the vertical axis, a 
complex plane is used. In the complex plane, the horizontal axis is called the real axis, 
and the vertical axis is called the imaginary axis, as shown in Figure 15-2. In electrical cir- 
cuit work, a +j prefix is used to designate numbers that lie on the imaginary axis in order 
to distinguish them from numbers lying on the real axis. This prefix is known as the j op- 
erator. In mathematics, an i is used instead of a j, but in electric circuits, the i can be con- 
fused with instantaneous current, so j is used. 


& FIGURE 15-2 +i 


The complex plane. 


Positive j axis 


Negative real axis Positive real axis 
iiss 


SS 


a 


Origin 


Negative j axis 


Angular Position on the Complex Plane Angular positions are represented on the 
complex plane, as shown in Figure 15-3. The positive real axis represents zero degrees. 
Proceeding counterclockwise, the +j axis represents 90°, the negative real axis represents 
180°, the —j axis is the 270° point, and, after a full rotation of 360°, you are back to the 
positive real axis. Notice that the plane is divided into four quadrants. 


© FIGURE 15-3 “ 
Angles on the complex plane. 90° 
2nd quadrant =| lie Ist quadrant 
De > 0°/360° 
3rd quadrant 4th quadrant 
270° 
=a) 


Representing a Point on the Complex Plane A point located on the complex plane 
is classified as real, imaginary (+), or a combination of the two. For example, a point 
located 4 units from the origin on the positive real axis is the positive real number, 
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a] y 
+j6 
+4 
—___ > 
3 = ul 
(a) Real number, +4 (b) Real number — 2 (c) Imaginary number, +j6 (d) Imaginary number, ~j5 


A FIGURE 15-4 
Real and imaginary (j) numbers on the complex plane. 


+4, as shown in Figure 15—4(a). A point 2 units from the origin on the negative real 
axis is the negative real number, —2, as shown in part (b). A point on the +) axis 6 units 
from the origin, as shown in part (c), is the positive imaginary number, +6. Finally, 
a point 5 units along the —j axis is the negative imaginary number, —/5, as shown in 
part (d). 

When a point lies not on any axis but somewhere in one of the four quadrants, it is a 
complex number and is defined by its coordinates. For example, in Figure 15—S, the point 
located in the first quadrant has a real value of +4 and aj value of +4 and is expressed as 
+4, +j4. The point located in the second quadrant has coordinates —3 and +2. The point 
located in the third quadrant has coordinates —3 and —j5. The point located in the fourth 
quadrant has coordinates of +6 and —/4. » FIGURE 15-5 


Coordinate points on the complex 
plane. 


ints on the complex plane: 7, j5; 5, —j2; —3.5, jl; and 


tes for each point in Figure 15-6. 
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5, 16.51 


D: 10, —j10 
H: -2, jl 


Value of j 


If you multiply the positive real value of +2 by j, the result is +j2. This multiplication has 

effectively moved the +2 through a 90° angle to the + axis. Similarly, multiplying +2 by 

—j rotates it —90° to the —j axis. Thus, j is considered a rotational operator. 
Mathematically, the j operator has a value of V—1. If +j2 is multiplied by j, you get 


72 = (V-1I(V-NQ) = (-1)Q) = -2 


This calculation effectively places the value on the negative real axis. Therefore, multiply- 
ing a positive real number by 7 converts it to a negative real number, which, in effect, is a 
rotation of 180° on the complex plane. This operation is illustrated in Figure 15-8. 


» FIGURE 15-8 


Effect of the j operator on location of 
a number on the complex plane. 
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Rectangular and Polar Forms 


Rectangular and polar are two forms of complex numbers that are used to represent phasor 
quantities. Each has certain advantages when used in circuit analysis, depending on the 
particular application. A phasor quantity contains both magnitude and angular position or 
phase. {n this text, italic letters such as V and / are used to represent magnitude only, and 
boldfaced nonitalic letters such as V and J are used to represent complete phasor quantities. 


Rectangular Form A phasor quantity is represented in rectangular form by the alge- 
braic sum of the real value (A) of the coordinate and the j value (B) of the coordinate, ex- 
pressed in the following general form: 


A + jB 


Examples of phasor quantities are 1 + j2, 5 — j3, —4 + j4, and —2 — j6, which are 
shown on the complex plane in Figure 15—9. As you can see, the rectangular coordinates 
describe the phasor in terms of its values projected onto the real axis and the j axis An 
“arrow” drawn from the origin to the coordinate point in the complex plane represents 
graphically the phasor quantity. 


* FIGURE 15-9 


Examples of phasors specified by 
rectangular coordinates. 


Polar Form Phasor quantities can also be expressed in polar form, which consists of the 
phasor magnitude (C) and the angular position relative to the positive real axis (0), ex- 
pressed in the following general form: 


C220 


Examples are 245°, 52 120°, 4Z—110°, and 8 Z —30°. The first number is the magni- 
tude, and the symbol Z precedes the value of the angle. Figure 15—10 shows these phasors 
on the complex plane. The length of the phasor, of course, represents the magnitude of the 


4 © FIGURE 15-10 


Examples of phasors specified by 


521205 
a polar values. 


+2—-110 82-30 


° 
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(a) 1st quadrant 


Equation 15-1 


Equation 15-2 


quantity. Keep in mind that for every phasor expressed in polar form, there is also an equiv- 
alent expression in rectangular form. 


Conversion from Rectangular to Polar Form A phasor can exist in any of the four 
quadrants of the complex plane, as indicated in Figure 15~11. The phase angle @ in each 
case is measured relative to the positive real axis (0°), and @ (phi) is the angle in the 2nd 
and 3rd quadrants relative to the negative real axis, as shown. 


6 =-180° + 6 


(b) 2nd quadrant 


(c) 3rd quadrant 


(d) 4th quadrant 


A FIGURE 15-11 
All possible phasor quadrant locations. 


The first step to convert from rectangular form to polar form is to determine the magni- 
tude of the phasor. A phasor can be visualized as forming a right triangle in the complex 
plane, as indicated in Figure 15—12, for each quadrant location. The horizontal side of the 
triangle is the real value, A, and the vertical side is the j value, B. The hypotenuse of the tri- 
angle is the length of the phasor, C, representing the magnitude, and can be expressed, us- 


ing the Pythagorean theorem, as 
C= VA? + B 


Next, the angle 6 indicated in parts (a) and (d) of Figure 15—12 is expressed as an inverse 


tangent function. 
if = ®) 
@ = tan “| — 
A 


The angle 6 indicated in parts (b) and (c) of Figure 15—12 is 
6= +180°+¢ 


which includes both conditions as indicated by the dual signs. 


B 
6 = +180° = tan (2) 
A 


+jB 


~ 0 = 180°~ 


(a) Ist quadrant 


(b) 2nd quadrant 


(c) 3rd quadrant 


(d) 4th quadrant 


A FIGURE 15-12 


Right angle relationships in the complex plane. 


THE COmPLEX NuMBER System ® 607 


In each case the appropriate signs must be used in the calculation. 
The general formula for converting from rectangular to polar is 


+A + jB = CZ+6 Equation 15-3 


Example 15-2 illustrates the conversion procedure. 


ctangular form to polar form by deter- 


Conversion from Polar to Rectangular Form The polar form gives the magnitude and 
angle of a phasor quantity, as indicated in Figure 15-13. 


Cc <@ FIGURE 15-13 


; Polar components of a phasor. 


I 
,B=Csin 6 


AS 
A=Ccos 6 
To get the rectangular form, you must find sides A and B of the triangle, using the rules 
from trigonometry stated below: 
A = Ccos@ Equation 15-4 
B= Csin@é Equation 15-5 
The polar-to-rectangular conversion formula is 
CZ60=A+ jB Equation 15-6 


The following example demonstrates this conversion. 
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EXAMPLE 15-3 Convert the following polar quantities to rectangular form: 
(a) 10 230° (b) 2002 —45° 
Solution (a) The real part of the phasor represented by 10 230° is 
A = Ccos@ = 10 cos 30° = 10(0.866) = 8.66 
The j part of this phasor is 
JB = jCsin@ = j10sin 30° = j10(0.5) = 5 
The rectangular form of 10 230° is 
A + jB = 8.66 + j5 
(b) The real part of the phasor represented by 200 Z —45° is 
A = 200 cos(—45°) = 200(0.707) = 141 
The j part is 
jB = j200 sin(—45°) = j200(—0.707) = —j141 
The rectangular form of 200 2 —45° is 
A + jB =141 — j14) 


Related Problem Convert 78 Z —26° to rectangular form. 


Mathematical Operations 
Addition Complex numbers must be in rectangular form in order to add them. The rule is 


Add the real parts of each complex number to get the real part of the sum. Then 
add the j parts of each complex number to get the j part of the sum. 


EXAMPLE 15-4 Add the following sets of complex numbers: 


(a)8+j5and2+/jfl  (b) 20 — jl and 12 + j6 


Solution (a) (8 + j5) + (2+ j1) = (8 + 2) +j5 + 1) = 10 + 6 
(b) (20 — fl0) + (12 + j6) = (20 + 12) + j(—10 + 6) = 32 + f(-4) = 32 - ja 


Related Problem Add5 — jll and —6 + j3. 


Subiraction As in addition, the numbers must be in rectangular form to be subtracted 
The rule is 


Subtract the real parts of the numbers to get the real part of the difference. Then 
subtract the j parts of the numbers to get the j part of the difference. 


EXAMPLE 15-5 Perform the following subtractions: 
(a) Subtract 1 + j2 from 3 + /4. 
(b) Subtract 10 — j8 from 15 + j15. 
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)+f4-2)=24j2 
Ga) {ls — (—8)] = 5 + j23 


Multiplication Multiplication of two complex numbers in rectangular form is accom- 
plished by multiplying, in turn, each term in one number by both terms in the other num- 
ber and then combining the resulting real terms and the resulting j terms (recall that 
j Xj = —1). As an example, 


(5 + j3)(2 — j4) = 10 — j20 + j6 + 12 = 22 — jl4 
Sa 
Multiplication of two complex numbers is easier when both numbers are in polar form, 


So it is best to convert to polar form before multiplying. The rule is 


Multiply the magnitudes, and add the angles algebraically. 


Division Division of two complex numbers in rectangular form is accomplished by mul- 
tiplying both the numerator and the denominator by the complex conjugate of the denom- 
inator and then combining terms and simplifying. The complex conjugate of a number is 
found by changing the sign of the j term. As an example, 


10+j5 (10 + j5\(2 — j4) _ 20 — j30+ 20 40 — 730 
2+j4 (2+j42-j4) 4416 ~ 2% 


=2-fl5 


Like multiplication, division is easier when the numbers are in polar form, so it is best 
to convert to polar form before dividing. The rule is 


Divide the magnitude of the numerator by the magnitude of the denominator to get 
the magnitude of the quotient. Then subtract the denominator angle from the nu- 
merator angle to get the angle of the quotient. 
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in which quadrant does this phasor lie? 
t form. In which quadrant does this phasor lie? 


15-2 SINUSOIDAL RESPONSE OF SERIES RC CIRCUITS 


» FIGURE 15-14 


Illustration of sinusoidal response 


with general phase relationships of 
Vp, Vc, and / relative to the source 
voltage. Vp and / are in phase while 
Vp and Vc are 90° out of phase. 


When a sinusoidal voltage is applied to a series RC circuit, each resulting voltage drop 
and the current in the circuit are also sinusoidal and have the same frequency as the 
applied voltage. The capacitance causes a phase shift between the voltage and current 
that depends on the relative values of the resistance and the capacitive reactance. 


After completing this section, you should be able to 


De e relationship between current and voltage in a series RC circuit 


As shown in Figure 15—14, the resistor voltage (Vp), the capacitor voltage (Vc), and the 
current (/) are all sine waves with the frequency of the source. Phase shifts are introduced 
because of the capacitance. The resistor voltage and current /ead the source voltage, and 
the capacitor voltage lags the source voltage. The phase angle between the current and the 
capacitor voltage is always 90°. These generalized phase relationships are indicated in 
Figure 15-14. 


Vp 
" - \ 
Vp leads V, Vc lags V, 


io) 


I 


Wy 
Tleads V, 


The amplitudes and the phase relationships of the voltages and current depend on the 
values of the resistance and the capacitive reactance. When a circuit is purely resistive, the 
phase angle between the applied (source) voltage and the total current is zero. When a cir- 
cuit is purely capacitive, the phase angle between the applied voltage and the total current 
is 90°, with the current leading the voltage. When there is a combination of both resistance 
and capacitive reactance in a circuit, the phase angle between the applied voltage and the 
total current is somewhere between 0° and 90°, depending on the relative values of the re- 
sistance and the capacitive reactance. 
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is applied to an RC circuit. What is the frequency of the 
the frequency of the current? 


t between V, and / in a series RC circuit? 


1 an RC circuit is greater than the capacitive reactance, is the 
applied voltage and the total current closer to 0° or to 90°? 


15-3 IMPEDANCE OF SERIES RC Circuits 


The impedance of a series RC circuit consists of resistance and capacitive reactance 
and is the total opposition to sinusoidal current. Its unit is the ohm. The impedance 
also causes a phase difference between the total current and the source voltage. There- 
fore, the impedance consists of a magnitude component and a phase angle component. 


After completing this section, you should be able to 
¢ Determine the impedance of a series RC circuit 
¢ Define impedance 


* Express capacitive reactance in complex form 


In a purely resistive circuit, the impedance is simply equal to the total resistance. In a 
purely capacitive circuit, the impedance is equal to the total capacitive reactance. The im- 
pedance of a series RC circuit is determined by both the resistance and the capacitive reac- 
tance. These cases are illustrated in Figure 15-15. The magnitude of the impedance is 
symbolized by Z. 


R 
(~~) Zz R Z Xc Z 
Xe 
(a) Z=R (b) Z = Xe (c) Z includes both R and X- 


» FIGURE 15-15 
Three cases of impedance. 


Capacitive reactance is a phasor quantity and is expressed as a complex number in rec- 
tangular form as 


Xe = Xe 


where boldface X¢ designates a phasor quantity (representing both magnitude and angle) 
and X¢ is just the magnitude. 
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Equation 15-7 


Equation 15-8 


In the series RC circuit of Figure 15—16, the total impedance is the phasor sum of R and 
—jXc and is expressed as 


Z=R-— jxc 


» FIGURE 15-16 


Impedance in a series RC circuit. 


In ac analysis, both R and X¢ are as shown in the phasor diagram of Figure 15—17(a). 
with X¢ appearing at a —90° angle with respect to R. This relationship comes from the fact 
that the capacitor voltage in a series RC circuit lags the current, and thus the resistor volt- 
age, by 90°. Since Z is the phasor sum of R and —jX¢, its phasor representation is as shown 
in Figure 15—17(b). A repositioning of the phasors, as shown in part (c), forms a right tri- 
angle called the impedance triangle. The length of each phasor represents the magnitude in 
ohms, and the angle @ is the phase angle of the RC circuit and represents the phase differ- 
ence between the applied voltage and the current. 


X¢ 


XP Re 
(a) (b) (c) 
& FIGURE 15-17 
Development of the impedance triangle for a series RC circuit. 


From right-angle trigonometry (Pythagorean theorem). the magnitude (length) of the 
impedance can be expressed in terms of the resistance and reactance as 


Z= VR + Xe 


The italic letter Z represents the magnitude of the phasor quantity Z and is expressed in 
ohms. 
The phase angle, 6, is expressed as 


C 
— 4.1 Xe 
6 = —tan (32) 


The symbol tan ! stands for inverse tangent. You can find the tan”! value on your calcula- 
tor. Combining the magnitude and angle, the phasor expression for impedance in polar 
form is 


x 
Z= VR + XEL-tan-i( 2) 
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EXAMPLE 15-8 For each circuit in Figure 15—18, write the phasor expression for the impedance in 
both rectangular form and polar form. 


(a) (b) (c) 


FIGURE 15-18 


Solution For the circuit in Figure 15—18(a), the impedance is 
Z=R-jO=R=560 in rectangular form (Xc = 0) 
Z = RZ0° = 5620° 0 in polar form 
The impedance is simply the resistance, and the phase angle is zero because pure 


resistance does not cause a phase shift between the voltage and current. 
For the circuit in Figure 15—18(b), the impedance is 


Z=0- jXc = —jl10e0n in rectangular form (R = 0) 
Z = XcZ—90° = 1007 -—90° © in polar form 


The impedance is simply the capacitive reactance, and the phase angle is —90° 
because the capacitance causes the current to lead the voltage by 90°. 
For the circuit in Figure 15-18(c), the impedance in rectangular form is 


Z=R-— jXc = 560, — jl1000 
The impedance in polar form is 
Xx 
L= VR + %E.2-en (4°) 
4/ 2 2 -i( 100.0 © 
= V(560) + (100 0) Z—tan 560 = 115 27 —-60.8° 0 


In this case, the impedance is the phasor sum of the resistance and the capacitive reac- 
tance. The phase angle is fixed by the relative values of X- and R. Rectangular to polar 
conversion can be done on a calculator (refer to your user’s manual). 


Related Problem Use your calculator to convert the impedance in Figure 15—18(c) from rectangular to 
polar form. Draw the impedance phasor diagram. 


pedance of a certain RC circuit is 150 (1 — j220 (.. What is the value of the re- 
e? The capacitive reactance? 

ies RC circuit has a total resistance of 33 kO. and a capacitive reactance of 50 kQ. 
phasor expression for the impedance in rectangular form. 


he circuit in Question 2, what is the magnitude of the impedance? What is the 
e angle? 
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15-4 ANALYSIS OF SERIES RC Circuits 


In this section, Ohm’s law and Kirchhoff’s voltage law are used in the analysis of 
series RC circuits to determine voltage, currents and impedance. Also, RC lead and 
lag circuits are examined. 


After completing this section, you should be able to 


« Analyze a series RC circuit 


Ohm’s Law 


The application of Ohm’s law to series RC circuits involves the use of the phasor quantities 
of Z, V, and I. Keep in mind that the use of boldface nonitalic letters indicates phasor quan- 
tities where both magnitude and angle are included. The three equivalent forms of Ohm’s 
law are as follows: 


Equation 15-9 V=I12Z 
F Vv 
Equation 15-10 [= Z 
Vv 

Equation 15-11 Z= T 


Recall that multiplication and division are most easily accomplished with the polar 
forms. Since Ohm’s law calculations involve multiplications and divisions, you should ex- 
press the voltage, current, and impedance in polar form. The following two examples show 
the relationship between the source voltage and source current. In Example 15-9, the cur- 
rent is the reference and in Example 15-10, the voltage is the reference. Notice that the ref- 
erence is drawn along the x-axis in both cases. 


S in polar form as I = 0.2.20° mA. Determine 
n, and draw a phasor diagram showing the 


R 


AW 


a 
1=0220°mA 10k0 


v, C 


f=1kHz i] 0.01 uF 
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The magnitude of the capacitive reactance is 


1 1 
= = = 15.9kO 
#e 2nfC 27(1000 Hz)(0.01 pF) ? 


The total impedance in rectangular form is 
Z=R— jXc = 10kO — j15.9kO 


Converting to polar form yields 


x, 
Z= VR + E Z-1an-'(*£) 


15.9kO 
10k0 


= V(i0k0)? + (159k)? 7 tan™( ) = 18.82—57.8°kO 


Use Ohm’s law to determine the source voltage. 
V, = IZ = (0.2 20° mA)(18.8 Z —57.8°kQ) = 3.76 Z —57.8° V 


The magnitude of the source voltage is 3.76 V at an angle of —57.8° with respect to 
the current; that is, the voltage lags the current by 57.8°, as shown in the phasor dia- 
gram of Figure 15—20. | 


V, = 3.76V 


Determine V, in Figure 15-19 if f = 2kHz and I = 0.2 20° A. 


EXAMPLE 15-10 Determine the current in the circuit of Figure 15-21, and draw a phasor diagram show- 
ing the relation between source voltage and current. 


R a 
WW | | 
= 0.022 uF | 
vy i 
10.20° V 

f = 1.5 kHz 
The magnitude of the capacitive reactance is 
X, ae : = 48240 | 

C  QmfC  2a(1.5kHz)(0.022 pF) 
The total impedance in rectangular form is 


Z = R - jXc = 2.2kO — j4.82k0 
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 _/4.82K0, 
~ton( SEO) = §302—-65.5°kO 


= = 1.89 765.5° mA 
a) 


frequency is increased to 5 kHz. 


e calculated results in this example and to con- 
‘oblem. 


Phase Relationships of Current and Voltages 


In a series RC circuit, the current is the same through both the resistor and the capacitor. 
Thus, the resistor voltage is in phase with the current, and the capacitor voltage lags the 
current by 90°. Therefore, there is a phase difference of 90° between the resistor voltage, 
Vp, and the capacitor voltage, Vc, as shown in the waveform diagram of Figure 15-23. 


>» FIGURE 15-23 


Tleads V¢ by 90°. 

Vp and J are in phase. 
Amplitudes are 
arbitrary. 


Phase relation of voltages and 
current in a series RC circuit. 


From Kirchhoff's voltage law, the sum of the voltage drops must equal the applied 
voltage. However, since Vp and V¢ are not in phase with each other, they must be added as 
phasor quantities, with Vc lagging Vp by 90°, as shown in Figure 15—24(a). As shown in 
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Vi 
(a) (b) 


Vas i V, 


A FIGURE 15-24 
Voltage phasor diagram for a series RC circuit. 


Figure 15—24(b), V, is the phasor sum of Vp and Vc, as expressed in rectangular form in 
the following equation: 


Vi Verve 


This equation can be expressed in polar form as 


V, 
V,;=V Vi ap Vez —tan( Ze) 


R 


where the magnitude of the source voltage is 
“= VVe+ Ve 


and the phase angle between the resistor voltage and the source voltage is 


V, 
6 = —tan! (72) 
Vr 


Since the resistor voltage and the current are in phase, 6 also represents the phase angle 
between the source voltage and the current. Figure 15—25 shows a complete voltage and 
current phasor diagram that represents the waveform diagram of Figure 15—23. 


Variation of Impedance and Phase Angie with Frequency 


As you know, capacitive reactance varies inversely with frequency. Since Z = VR? + X?, 
you can see that when X¢ increases, the entire term under the square root sign increases and 
thus the magnitude of the total impedance also increases; and when X¢ decreases, the mag- 
nitude of the total impedance also decreases. Therefore, in an RC circuit, Z is inversely de- 
pendent on frequency. 

Figure 15-26 illustrates how the voltages and current in a series RC circuit vary as the 
frequency increases or decreases, with the source voltage held at a constant value. In part (a), 
as the frequency is increased, X¢ decreases; so less voltage is dropped across the capacitor. 
Also, Z decreases as X¢ decreases, causing the current to increase. An increase in the current 
causes more voltage across R. 

In Figure 15—26(b), as the frequency is decreased, X¢ increases; so more voltage is 
dropped across the capacitor. Also, Z increases as X¢ increases, causing the current to de- 
crease. A decrease in the current causes less voltage across R. 

The effect of changes in Z and X- can be observed as shown in Figure 15—27. As the fre- 
quency increases, the voltage across Z remains constant because V, is constant. Also, the 
voltage across C decreases. The increasing current indicates that Z is decreasing. It does so 
because of the inverse relationship stated in Ohm’s law (Z = V7/I). The increasing current 
also indicates that X¢ is decreasing (Xc = V-/I). The decrease in V¢- corresponds to the 
decrease in X¢. 

Since X¢ is the factor that introduces the phase angle in a series RC circuit, a change in 
Xc produces a change in the phase angle. As the frequency is increased, Xc becomes 


Equation 15-12 


Equation 15-13 


Vi 


Cc 


» FIGURE 15-25 


Voltage and current phasor diagram 
for the waveforms in Figure 15—23. 
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ALU fy, 
wee 


(a) As frequency is increased, Z decreases as X- decreases, (b) As frequency is decreased, Z increases as X - increases, 
causing J and Vp to increase and V; to decrease. causing I and Vp to decrease and V¢ to increase. 
& FIGURE 15-26 
An illustration of how the variation of impedance affects the voltages and current as the source 
frequency is varied. The source voltage is held at a constant amplitude. 


By watching these two 
meters, you can see 

what Z is doing: J is 
increasing and V7 1s constant. 


RW L , 
“ Vz ‘ Thus, Z is decreasing. 


Frequency is 
increasing. 
By watching these two 
meters, you can see 
jo t what X - is doing: 
; Tis increasing and Vis 
decreasing. Thus, X ¢ 
is decreasing. 


|} Vis 
constant 


a 
4& FIGURE 15-27 
An illustration of how Z and X- change with frequency. 


smaller, and thus the phase angle decreases. As the frequency is decreased, X¢ becomes 
larger, and thus the phase angle increases. The angle between V, and Vp is the phase 
angle of the circuit because J is in phase with Vp. By measuring the phase of Vp, you 
are effectively measuring the phase of £. An oscilloscope is normally used to observe the 
phase angle by measuring the phase angle between V, and one of the component 
voltages. 

Figure 15—28 uses the impedance triangle to illustrate the variations in X¢, Z, and @ as 
the frequency changes. Of course, R remains constant. The main point is that because XC 
varies inversely with the frequency, so also do the magnitude of the total impedance and the 
phase angle. Example 15-1] illustrates this. 
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, FIGURE 15-28 
As the frequency increases, Xc decreases, Z decreases, and @ decreases. Each value of frequency can 


be visualized as forming a different impedance triangle. 


For the series RC circuit in Figure 15—29, determine the magnitude of the total imped- 
ance and the phase angle for each of the following values of input frequency: 


(a) 10kHz (b) 20kHz (c) 30kHz 


EXAMPLE 15-11 


FIGURE 15-29 = 


0.01 uF 


x 
(2) 
IK 


Solution (a) For f = 10kHz, 
1 1 
Xc = 
QnfC 210 kHz)(0.01 pF) 


X, 
oN XEZ—tant( 72) 
1.59kO 


aA 2 Open a _57 go, 
V(1.0k0)? + (1.59kO)? Z—tan Ge 1.88. Z—57.8°kO. 


= 1.59k0, 


Thus, Z = 1.88k© and 6 = —57.8°. 


(b) For f = 20 kHz, 
- 1 
© 2a(20kHz)(0.01 1B) 
796 © 


Z = V(L0kO/Y + (796 OF 2-103 se) = 1.28 7—-38.5°kO 


= 7960, 


Thus, Z = 1.28kO, and 6 = —38.5°. 
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5310 


= 1.13 2—-28.0° kD, 
a ies 


+ 53102 ( 


The RC Lag Circuit 


An RC lag circuit is a phase shift circuit in which the output voltage lags the input voltage 
by a specified amount. Figure 15—30(a) shows a series RC circuit with the output voltage 
taken across the capacitor. The source voltage is the input, V;,,. As you know, 0, the phase an- 
gle between the current and the input voltage, is also the phase angle between the resistor 
voltage and the input voltage because Vp and J are in phase with each other. 


R 
C V, 
Vin our | 
I 
7 a 
= . 9 (phase lag) 
(a) A basic RC lag circuit (b) Phasor voltage diagram (c) Input and output voltage waveforms 


showing the phase lag 


between V,,, and V,,, 


A FIGURE 15-30 
RC lag circuit (Voy; = Veo). 


Since Vc lags Vp by 90°, the phase angle between the capacitor voltage and the input 
voltage is the difference between —90° and 6, as shown in Figure 15—30(b). The capacitor 
voltage is the output, and it lags the input, thus creating a basic lag circuit. 

The input and output voltage waveforms of the lag circuit are shown in Figure 15—30(c). 
The amount of phase difference, designated , between the input and the output is 
dependent on the relative sizes of the capacitive reactance and the resistance, as is the mag- 
nitude of the output voltage. 


Phase Difference Between Input and Output As already established, 6 is the phase 
angle between / and Vj,,. The angle between V,,,, and Vj, is designated & (phi) and is 
developed as follows. 

The polar expressions for the input voltage and the current are V,,Z0° and [Z6, 
respectively. The output voltage in polar form is 


Vour = UZO\XcZ—90°) = XcZ(—90° + 6) 
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The preceding equation states that the output voltage is at an angle of —90° + @ with 
respect to the input voltage. Since @ = —tan !(X(/R), the angle & between the input and 
output is 


Xc 
= —90° + tan !{ — 
: ai ( R ) 
Equivalently, this angle can be expressed as 
if R : 
= —tan x Equation 15-14 
Cc 


This angle is always negative, indicating that the output voltage lags the input voltage, as 
shown in Figure 15-31. 


v, © FIGURE 15-31 


int 


V, 


out 


159kQ) 


a 5: 


Ad 
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2 circuit, what happens to the phase lag if the frequency increases? 


Magnitude of the Output Voltage To evaluate the output voltage in terms of its mag- 
nitude, visualize the RC lag circuit as a voltage divider. A portion of the total input voltage 
is dropped across the resistor and a portion across the capacitor. Because the output volt- 
age is the voltage across the capacitor, it can be calculated using either Ohm’s law 
(Vour = IXc) or the voltage divider formula. 


Xc 
Equation 15-15 Vout = ( Tews 
The phasor expression for the output voltage of an RC lag circuit is 
Vout = Vout Loh 


lag circuit in Figure 15—32(b) (Example 15—12), determine the output voltage 
or form when the input voltage has an rms value of 10 V. Draw the input and 
t voltage waveforms showing the proper phase relationship. The capacitive 
Xc (1.59 kQ) and  (—23.2°) were found in Example 15-12. 


utput voltage in phasor form is 


: 7 A Xc 
Vou a VouZ = (Sega tect 
( 1.59kO 

V/(680 0)? + (1.59kO) 


raveforms are shown in Figure 15~33. Notice that the output voltage lags the 


02-232" V = 9.20 Z—23.2° Vrms 


= 10 Vims 


ye 
in 


it, what happens to the output voltage if the frequency increases? 


im file E15-13 to verify the calculated results in this example and to 
ulation for the related problem. 
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The RC Lead Circuit 


An RC lead circuit is a phase shift circuit in which the output voltage leads the input volt- 
age by a specified amount. When the output of a series RC circuit is taken across the resis- 
tor rather than across the capacitor, as shown in Figure 15—34(a), it becomes a lead circuit. 


Vv 
ry Vou V 
Cc fi @ (phase lead) 

Vin R Via i] 

Vin 1 

Ve Vin SS 

= @ (phase lead) 

(a) A basic RC lead circuit (b) Phasor voltage diagram showing ({c) Input and output voltage waveforms 


the phase lead between V,,, and V, 


our 
» FIGURE 15-34 
RC lead circuit (Vo,~ = Vp)- 


Phase Difference Between Input and Output Ina series RC circuit, the current leads 
the input voltage. Also, as you know, the resistor voltage is in phase with the current. Since 
the output voltage is taken across the resistor, the output leads the input, as indicated by the 
phasor diagram in Figure 15—34(b). The waveforms are shown in Figure 15—34(c). 

As in the lag circuit, the amount of phase difference between the input and output and 
the magnitude of the output voltage in the lead circuit are dependent on the relative values 
of the resistance and the capacitive reactance. When the input voltage is assigned a refer- 
ence angle of 0°, the angle of the output voltage is the same as 6 (the angle between total 
current and applied voltage) because the resistor voltage (output) and the current are in 
phase with each other. Therefore, since @ = 6 in this case, the expression is 


Pai ee ry 
é = tan R Equation 15—16 


This angle is positive because the output leads the input. 


culate the output phase angle for each circuit in Figure 15-35. 
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Solution 


Related 


Equation 15-17 


EXAMPLE 15-15 


Problem 


al Cc 1 ° 
¢ = tan || — ] = tan '| ——~ } = 343 


The output leads the input by 34.3°. 
For the lead circuit in Figure 15—35(b), first determine the capacitive reactance. 


1 1 
~ IwfC — 2(500 Hz)(0.22 WF) 


X, 1.45kO 
ry (iain =i 
= —_ = —————— — 4° 
@ = tan (5) tan (s ) 5) 


The output leads the input by 55.4°. 


= 1.45kO 


For the lead circuit in Figure 15—35(a), 


Ina lead circuit, what happens to the phase lead if the frequency increases? 


Use Multisim files E15-14A and E15-14B to verify the calculated results in this 
example and to confirm your calculation for the related problem. 


Magnitude of the Output Voltage Since the output voltage of an RC lead circuit is 
taken across the resistor, the magnitude can be calculated using either Ohm’s law 
(Vout = IR) or the voltage-divider formula. 


R 
Vout a (ae) 
The expression for the output voltage in phasor form is 


ee aa VouZ 


Solution 


The input voltage in Figure 15—35(b) (Example 15—14) has an rms value of 10 V. De- | 
termine the phasor expression for the output voltage. Draw the waveform relationships 
for the input and output voltages showing peak values. The phase angle (55.4°) and X¢ 
(1.45 kQ)) were found in Example 15-14. 


The phasor expression for the output voltage is | 


R 
Von = Vou Lo a (4) hnee 
: : VR + xX? 
a ( 1.0k0 
1.76k0 


jozss V = 5.68 255.4° V rms 


The peak value of the input voltage is 


The peak value of the output voltage is 
Vourtpy = 1-414 Vouirmsy = 1.414(5.68 V) = 8.03 V 


The waveforms are shown in Figure 15-36. | 
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AV, and Vc = 6 V. What is the magnitude of the 


between the source voltage and the current? 
capacitor voltage and the resistor voltage in 


p in a series RC circuit is increased, what 
appens to the magnitude of the total im- 


Coverage of series reactive circuits continues in Chapter 16, Part 1, on page 678. 


15—5 IMPEDANCE AND ADMITTANCE OF PARALLEL RC Circuits 


In this section, you will learn how to determine the impedance and phase angle of a 
parallel RC circuit. The impedance consists of a magnitude component and a phase 
angle component. Also, capacitive susceptance and admittance of a parallel RC 
circuit are introduced. 


After completing this section, you should be able to 
« Determine impedance and admittance in a parallel RC circuit 


¢ Express total impedance in complex form 


Figure 15-37 shows a basic parallel RC circuit connected to an ac voltage source. 


» FIGURE 15-37 
Basic parallel RC circuit. 


a 
Es) 
i) 


The expression for the total impedance is developed as follows, using complex numbers. 
Since there are only two circuit components, R and C, the total smpedance can be found 
from the product-over-sum rule. 


— (RL0V(XcZ—90°) 


Z 5 
R—- jxX¢c 


By multiplying the magnitudes, adding the angles in the numerator, and converting the de- 
nominator to polar form, you get 


____RXcZ (0° — 90°) 
x, 
VR + X¢Z-1an | (*) 


Now, by dividing the magnitude expression in the numerator by that in the denominator, 
and by subtracting the angle in the denominator from that in the numerator, you get 


Z 


RX¢ C 


as (yea) + tant(*)) 
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Equivalently, this expression can be written as 


RX R 
CY tan ) Equation 15-18 
Xc 


VRE 


ire 15—38(a), the total impedance is 
Jew (Z) 


)\ 2-tanr( 2) = 44.7 7—63.4 0 


-tan-t( 4042) = $94 7—26.6° 0 


8(a) if the frequency is doubled. 


Conductance, Susceptance, and Admittance 


Recall that conductance, G, is the reciprocal of resistance. The phasor expression for 

conductance is expressed as 

eel 
RZO° 


G = GZ0° 
Two new terms are now introduced for use in parallel RC circuits. Capacitive suscep- 


tance (B_) is the reciprocal of capacitive reactance. The phasor expression for capacitive 
susceptance Is 


I 


Se i 
eez=op eo He 


Bc 


628 ¢ RC Circuits 


Admittance (Y) is the reciprocal of impedance. The phasor expression for admittance is 


1 
Yo= 
ZL 55) 


= YZ+6 


The unit of each of these terms is the siemens (S), which is the reciprocal of the ohm. 

In working with parallel circuits, it is often easier to use conductance (G), capacitive 
susceptance (Bc), and admittance (Y) rather than resistance (R), capacitive reactance (X¢), 
and impedance (Z). In a parallel RC circuit, as shown in Figure 15—39, the total admittance 
is simply the phasor sum of the conductance and the capacitive susceptance. 


Equation 15-19 Y =G+jBc 


» FIGURE 15-39 yeVG+ Be 
Admittance in a parallel RC circuit. 


n convert it to total impedance (Z) in Figure 
‘am, 


- G + jBc = 3.03mS + j1.38mS 


olar fc iS 


3 
Pian (Se = 3.33 224.5° mS 
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yn in Figure 15-41. 


Bc = 1.38 mS 


1 


aS Z2—24.5° 0 
(3.33 224.5° mS) am 


‘igure 15-40 if fis increased to 2.5 kHz. 


tance, and admittance. 


= 47k and X- = 75k. Determine Y. 


15-6 ANALYSIS OF PARALLEL RC Circuits 


Ohm’s law and Kirchhoff’s cuirent law are used in the analysis of RC circuits. Curent 
and voltage relationships in a parallel RC circuit are examined. 


After completing this section, you should be able to 
¢ Analyze a parallel RC circuit 
¢ Apply Ohm’s law and Kirchhoff’s current law to parallel RC circuits 


on ee 


For convenience in the analysis of parallel circuits, the Ohm’s law formulas using 
impedance, previously stated, can be rewritten for admittance using the relation Y = 1/Z. 
Remember, the use of boldface nonitalic letters indicates phasor quantities. 


I 
Y= Y Equation 15-20 
I=vyY Equation 15—21 
I 
) is Equation 15-22 
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EXAMPLE 15-18 Determine the total current and phase angle in Figure 15-42. Draw a phasor diagram 


showing the relationship of V, and Ijo,. 


2.2kO | 0.022 uF 


FIGURE 15-42 


Solution The capacitive reactance is 
1 1 


[ore MskinoompR  *°?*° 
The capacitive susceptance magnitude is 
. a mama eS 
The conductance magnitude is 
G= a 455 pS 
R 2.2kQ0 


The total admittance is 
Yior = G + jBc = 455 pS + 7207 pS 


Converting to polar form yields 


= B 
Vion = VG? + BE Laan ( 72 


207 pS 
= V (455 wS* + (207 SF Ztan{ E 


= 500. 224.5° pS 
455 = " 


The phase angle is 24.5°. 
Use Ohm’s law to determine the total current. 
Tor = VsYtor = (10Z0° V )(500.724.5° wS) = 5.00.224.5° mA 


The magnitude of the total current is 5.00 mA, and it leads the applied voltage by 
24.5°, as the phasor diagram in Figure 15—43 indicates. 


Tot = 5-00 mA 
— 24.5° 
V.=10V 


Related Problem What is the total current (in polar form) if fis doubled? 
2 Use Multisim file E15-18 to verify the calculated results in this example and to 


FIGURE 15-43 


confirm your calculation for the related problem. 
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Phase Relationships of Currents and Voltages 


Figure 15—44(a) shows all the currents in a basic parallel RC circuit. The total current, I,g,, 
divides at the junction into the two branch currents, Ip and Ic. The applied voltage, V,, ap- 
pears across both the resistive and the capacitive branches, so V,, Vp, and Vc are all in 
phase and of the same magnitude. 


L 


for 


y 
; ‘| 


(a) (b) 


Vp 


§ FIGURE 15-44 


Currents in a parallel RC circuit. The current directions shown in (a) are instantaneous and, of course, 
reverse when the source voltage reverses. 


The current through the resistor is in phase with the voltage. The current through the ca- 
pacitor leads the voltage, and thus the resistive current, by 90°. By Kirchhoff’s current law, 
the total current is the phasor sum of the two branch currents, as shown by the phasor dia- 
gram in Figure 15—44(b). The total current is expressed as 


Trot = Ir + Jc Equation 15—23 


This equation can be expressed in polar form as 


I 
Tor = Vig + ie Zax'() Equation 15-24 
R 


where the magnitude of the total current is 


hot = Vik + Ie 


and the phase angle between the resistor current and the total current is 


Since the resistor current and the applied voltage are in phase, 9 also represents the 
phase angle between the total current and the applied voltage. Figure 15-45 shows a com- 
plete current and voltage phasor diagram. 


4 FIGURE 15-45 


Current and voltage phasor diagram for a parallel RC circuit (amplitudes are arbitrary) 


¢ 
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EXAMPLE 15-19 Determine the value of each current in Figure 15—46, and describe the phase relation- 
ship of each with the applied voltage. Draw the current phasor diagram. 


FIGURE 15-46 


Solution The resistor current, the capacitor current, and the total current are expressed as follows: 
We 1220°V 
R  22020°9 
pe V5 .. 12Z0°V 
Xe 1502—90° 0 
Thor = Ip + jc = 54.5mA + j80mA 


Ip = 


= $4.5 20° mA 


= 80290° mA 


Converting I,,; to polar form yields 


I, 
La = Vib+ Za (‘*) 
R 


80mA 
= V(54. 2+ i (24) = 96.8 255.7° mA 
(54.5 mA) (80 mA)* Z tan $45 mA 6.8 m 
As the results show, the resistor current is 54.5 mA and is in phase with the voltage 
The capacitor current is 80 mA and leads the voltage by 90°. The total current is 
96.8 mA and leads the voltage by 55.7°. The phasor diagram in Figure 15-47 
illustrates these relationships. 


FIGURE 15-47 
Tor = 96.8 mA 


tot 


Ip = 54.5 mA 


Related Problem na parallel circuit, Ip = 100 Z0° mA and Ic = 60290° mA. Determine the total 
current. 


Conversion from Parallel to Series Form 


For every parallel RC circuit, there is an equivalent series RC circuit for a given frequency. 
Two circuits are considered equivalent when they both present an equal impedance at their 
terminals; that is, the magnitude of impedance and the phase angle are identical 
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To obtain the equivalent series circuit for a given parallel RC circuit, first find the im- 
pedance and phase angle of the parallel circuit. Then use the values of Z and @ to construct 
an impedance triangle, shown in Figure 15-48. The vertical and horizontal sides of the tri- 
angle represent the equivalent series resistance and capacitive reactance as indicated. These 
values can be found using the following trigonometric relationships: 


Reg = Zcos@ Equation 15-25 
Xceq) = Zsin@ Equation 15-26 


Reg = Z cos 6 @ FIGURE 15-48 


Impedance triangle for the series 
equivalent of a parallel RC circuit. Z 
and 6 are the known values for the 
parallel circuit. Reg and X¢(eq) are the 
series equivalent values. 


X¢(eq = Zsin 8 


18kO 27kO 


parallel circuit as follows: 
= 55.6 us 
ee 37.0 uS 
i) ll 


37.0 uS 


eee 00:0. 2.33.6" 
=, 6.8 Z Bs 


GTO ws) Zean{ 
ice is 


682336 nS = 15.02 —33.6° kD 
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ctangular form yields 
= J2sin@ = Reg ~ Xo 
(—33.6°) — j15.0kO sin(—33.6°) = 12.5k0 — j8.31k0 


RC circuit is a 12.5 kQ resistor in series with a capacitive reac- 
is is shown in Figure 15—50. 


i Xc(eq) 
12.5 kQ 8.31 kO 


arallel RC circuit is Z = 102 —26° kQ.. Convert to an equiva- 


5 3.50 mS, and the applied voltage is 6 V. What is the 


istor current is 10 mA, and the capacitor current 
ind phase angle of the total current. This phase 


the capacitor current and the applied voltage in a 


Coverage of parallel reactive circuits continues in Chapter 16, Part 2, on page 691. 


15-7 ANALYSIS OF SERIES-PARALLEL RC CIRCUITS 


The concepts studied with respect to series and parallel circuits are used to analyze 
circuits with combinations of both series and parallel R and C components, 


After completing this section, you should be able to 
¢ Analyze series-parallel RC circuits 
Determine total impedance 


¢ Calculate currents and voltages 


abs eg ae ee 
easure impedance and phase angl 


The impedance of series components is most easily expressed in rectangular form, and 
the impedance of parallel components is best found by using polar form. The steps for an- 
alyzing a circuit with a series and a parallel component are illustrated in Example 15-21. 
First express the impedance of the series part of the circuit in rectangular form and the im- 
pedance of the parallel part in polar form. Next, convert the impedance of the parallel part 
to rectangular form and add it to the impedance of the series part. Once you determine the 
rectangular form of the total impedance, you can convert it to polar form in order to see the 
magnitude and phase angle and to calculate the current. 


In the circuit of Figure 15-51, determine the following: 
(a) total impedance (b) total current (c) phase angle by which J,,, leads V, 


Cc, 
680 0 0.047 uF 
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Solution 


(a) First, calculate the magnitudes of capacitive reactance. 


1 1 
Xa = = = 3180 
Cl 2afC — 2m(5kKHz)(0.1 pF) 8 
1 1 
= 6770 


X, pot —- 
© 2afC — 2m(5kHz)(0.047 pF) 


One approach is to find the impedance of the series portion and the impedance of 
the parallel portion and combine them to get the total impedance. The impedance 
of the series combination of R, and C, is 


To determine the impedance of the parallel portion, first determine the admittance 


of the parallel combination of Rz and C>. 


1 1 
= = — = 147 mS 
2 Re B00 a 
> a 
ex. 6770 


Y> = Gp + jBC) = 1.47 mS + f1.48 mS 


= 148mS 


Converting to polar form yields 


- B 
Y2 = VG + Bh Ztan (22) 


v3 
1.4 
= V(1.47 mS)” + (1.48 ms) Zan Aen ) = 2.09 245.2° mS 
1.47 mS 


Then, the impedance of the parallel portion is 


1 1 


Peers OO OO 


Z, = 


Converting to rectangular form yields 
Z = Z,cos 8 — jZpsin@ 
= (478 O)cos(—45.2°) — 7(478 O)sin(—45.2°) = 337 0 — 7339 0. 


The series portion and the parallel portion are in series with each other. Combine 
Z, and Z, to get the total impedance. 


Lio = LZ, + Ly 
= (10k — j318 OD) + (337.0 — 7339 O) = 13370 — j6570 
Expressing Z,,; in polar form yields 


z. 
Lio = WZ + Bz—wn'(2) 


1 


657 0, 
1337 © 


= V(1338 OY + (657 22 —tan-"( ) = 1.49 7—26.2° kO 


(b) Use Ohm’s law to determine the total current. 


V, 10Z0°V 
Lin  1.49.2—26.2°kO 


= 6.71226.2° mA 


Tor = 


(c) ‘The total current leads the applied voltage by 26.2°. 


ANALYSIS OF SERIES-PARALLEL RC Circuits * 637 


Related Problem Determine the voltages across Z, and Z, in Figure 15—51 and express in polar form. 


_— Use Multisim file E15-21 to verify the calculated results in the (b) part of this example 
a and to confirm your calculation for the related problem. 


Example 15—22 shows two sets of series components in parallel. The approach is to first 
express each branch impedance in rectangular form and then convert each of these imped- 
ances to polar form. Next, calculate each branch current using polar notation. Once you 
know the branch currents, you can find the total current by adding the two branch currents 
in rectangular form. In this particular case, the total impedance is not required. 


EXAMPLE 15-22 Determine all currents in Figure 15-52. Draw a current phasor diagram. 


Cy 
ah 0.0022 wF 


FIGURE 15-52 


Solution First, calculate X¢; and X¢>. 


1 1 
" QarfC — 2a(2 MHz)(0.001 pF) 
_ 1 
© AmfC — 2m(2MHz)(0.0022 pF) 


ee = 7960 


= 36.20 


Next, determine the impedance of each of the two parallel branches 
Z, = R, — jXq = 330 — j19.6 0. 
Zo = R> — JXeE- = 470 Si sO.2 &) 


Convert these impedances to polar form. 


== X, 
Z; = Ri a XE £-tanr1( 2) 
1 


69 
= V3.0" + (79.6 OF Z-tan( BSE) = 86.22—-67.5° 2 
Xx 
Zp = VR3 + XE Z-ten'(22) 
2 
36.2 0 


= V(470F + B62 OF Z-tan( ) = 59.3 2-37.69 0, 


47 O, 
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Calculate each branch current. 
> V, BAYES 

Z, 86.2 Z—67.5° 0 
V; 2A0oN 
TSS. 31.6 


= 23.2 267.5° mA 


I, 


L= = 33.7 237.6° mA 


To get the total current, express each branch current in rectangular form so that they 
can be added. 
I, = 8.89mA + j21.4mA 
I, = 26.7mA + j20.66mA 
The total current is 
Lo = +h 
= (8.89mA + j21.4mA) + (26.7mA + j20.6mA) = 35.6mA + j42.0mA 


Converting I,,, to polar form yields 


42.09, 
Lior = V(35.6mA)? + (42.0 may tan ) = 55.1249.7° mA 


35.60, 


The current phasor diagram is shown in Figure 15—53. 


FIGURE 15~53 


I, 


tot 


= 55.1 mA 


I, = 33.7mA 


Related Problem Determine the voltages across each component in Figure 15—52 and draw a voltage 
phasor diagram. 


my Use Multisim file E15-22 to verify the calculated results in this example and to 
== | confirm your calculations for the related problem. 


Measurement of Z;o¢ 


Now, let’s see how the value of Z,,, for the circuit in Example 15—21 can be determined by 
measurement. First, the total impedance is measured as outlined in the following steps and 


as illustrated in Figure 15-54 (other ways are also possible): 


Step 1. Using a sine wave generator, set the source voltage to a known value (10 V) and 
the frequency to 5 kHz. If your generator is not accurate, then it is advisable to 
check the voltage with an ac voltmeter and the frequency with a frequency 


counter rather than relying on the marked values on the generator controls. 
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Frequency 
counter 


C, 
680 0 Ar 0.047 uF 


<— Circuit 
vy, 10V ground 


Step 2. Connect an ac ammeter as shown in Figure 15—54, and measure the total cur- 
rent. Alternatively, you can measure the voltage across R, with a voltmeter and 
calculate the current. 


Step 3. Calculate the total impedance by using Ohm’s law. 


Measurement of Phase Angle, 0 


To measure the phase angle, the source voltage and the total current must be displayed on an 
oscilloscope screen in the proper time relationship. Two basic types of scope probes are avail- 
able to measure the quantities with an oscilloscope: the voltage probe and the current probe. 
The current probe is a convenient device, but it is often not as readily available as a voltage 
probe. We will confine our phase measurement technique to the use of voltage probes in con- 
junction with the oscilloscope. Although there are special isolation methods, a typical oscil- 
loscope voltage probe has two points that are connected to the circuit: the probe tip and the 
ground lead. Thus, all voltage measurements must be referenced to ground. 

Since only voltage probes are to be used, the total current cannot be measured directly. 
However, for phase measurement, the voltage across R is in phase with the total current 
and can be used to establish the phase angle of the current. 

Before proceeding with the actual phase measurement, there is a problem with display- 
ing Vay. If the scope probe is connected across the resistor, as indicated in Figure 15—55(a), 
the ground lead of the scope will short point B to ground, thus bypassing the rest of the 
components and effectively removing them from the circuit electrically, as lustrated in 
Figure 15—55(b) (assuming that the scope is not isolated from power line ground). 

To avoid this problem, you can switch the generator output terminals so that one end of 
R, is connected to the ground terminal, as shown in Figure 15—56(a). Now the scope can be 
connected across it to display Vp), as indicated in Figure 15—56(b). The other probe is con- 
nected across the voltage source to display V, as indicated. Now channel 1 of the scope has 
Vp, as an input, and channel 2 has V,. The scope should be triggered from the source volt- 
age (channel 2 in this case). 

Before connecting the probes to the circuit, you should align the two horizontal lines 
(traces) so that they appear as a single line across the center of the scope screen. To do so, 
ground the probe tips and adjust the vertical position knobs to move the traces toward the 
center line of the screen until they are superimposed. This procedure ensures that both wave- 
forms have the same zero crossing so that an accurate phase measurement can be made. 


<@ FIGURE 15-54 


Determining Z;; by measurement of 


Vy and Trot. 
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Scope ground 


This part of the 
circuit is shorted 
out by the ground 
connection 
through scope. 


Short through 
scope ground 


= <— Ground = 


(a) Ground lead on scope probe grounds point B. (b) The effect of grounding point B is to short out the 


rest of the circuit. 


4 FIGURE 15-55 


Effects of measuring directly across a component when the instrument and the circuit are grounded 


(a) Ground repositioned so that one end of R, is (b) The scope displays Vp, and V,. Vp, represents the phase 


grounded. 


Equation 15-27 


of the total current. 


» FIGURE 15-56 


Repositioning ground so that a direct voltage measurement can be made with respect to ground 
without shorting out part of the circuit. 


Once you have stabilized the waveforms on the scope screen, you can measure the 
period of the source voltage. Next, use the Volts/Div controls to adjust the amplitudes of the 
waveforms until they both appear to have the same amplitude. Now, spread the waveforms 
horizontally by using the Sec/Div control to expand the distance between them. This hori- 
zontal distance represents the time between the two waveforms. The number of divisions 
between the waveforms along any horizontal lines times the Sec/Div setting is equal to the 
time between them, At. Also, you can use the cursors to determine Af if your oscilloscope 
has this feature. 

Once you have determined the period, T, and the time between the waveforms, Az, you 
can calculate the phase angle with the following equation: 


A 
= (seo 
T 
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An example screen display is shown in Figure 15—57. In this illustration, there are 1.5 
horizontal divisions between the two waveforms, as indicated, and the Sec/Div control is 
set at 10 ys. The period of these waveforms is 200 zs and the Ar is 


At = 1.5 divisions < 10 ys/division = 15 us 


At 15 us 
6 = | — ]360° = 360° = 27° 
( =| Gra) 


<@ FIGURE 15-57 


The phase angle is 


Determining the phase angle on the 
oscilloscope. 


10us 


At 


At= 1.5 divisions X 10 ys/division = 15 ys 


5 
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1. What is the equivalent series RC circuit for the series-parallel circuit in Figure 15-51? 


2. What is the total impedance in polar form of the circuit in Figure 15-52? 


Option 2 Note 


Coverage of series-parallel reactive circuits continues in Chapter 16, Part 3, on 
page 698. 


15-8 Power IN RC Circuits 


Equation 15-28 
Equation 15-29 


In a purely resistive ac circuit, all of the energy delivered by the source is dissipated in 
the form of heat by the resistance. In a purely capacitive ac circuit, all of the energy 
delivered by the source is stored by the capacitor during a portion of the voltage cycle 
and then returned to the source during another portion of the cycle so that there is no 
net energy conversion to heat. When there is both resistance and capacitance, some of 
the energy is alternately stored and returned by the capacitance and some is dissipated 
by the resistance. The amount of energy converted to heat is determined by the relative 
values of the resistance and the capacitive reactance. 


After completing this section, you should be able to 
¢ Determine power in RC circuits 

¢ Explain true and reactive power 

« Draw the power triangle 


When the resistance in a series RC circuit is greater than the capacitive reactance, more 
of the total energy delivered by the source is converted to heat by the resistance than is 
stored by the capacitor. Likewise, when the reactance is greater than the resistance, more of 
the total energy is stored and returned than is converted to heat. 

The formulas for power in a resistor, sometimes called true power (Piye), and the power 
in a capacitor, called reactive power (P,), are restated here. The unit of true power is the 
watt, and the unit of reactive power is the VAR (volt-ampere reactive). 


Prue = PR 
1 = PX¢ 


The Power Triangle for RC Circuits 


The generalized impedance phasor diagram for a series RC circuit is shown in Figure 
15—58(a). A phasor relationship for the powers can also be represented by a similar dia- 
gram because the respective magnitudes of the powers, Pi. and P,, differ from R and X¢ 
by a factor of 7’. This is shown in Figure 15—58(b). 

The resultant power phasor, /°Z, represents the apparent power, P,. At any instant in 
time P, is the total power that appears to be transferred between the source and the RC 


X¢ 
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Watts (W) 


Pirie 


P. (reactive) 
Volt-amperes 
reactive (VAR) 


(a) Impedance phasors (b) Power phasors (c) Power triangle 


» FIGURE 15-58 
Development of the power triangle for a series RC circuit. 


circuit. The unit of apparent power is the volt-ampere, VA. The expression for apparent 
power is 


jee Gra 


The power phasor diagram in Figure 15—58(b) can be rearranged in the form of a right 
triangle, as shown in Figure 15—58(c). This is called the power triangle. Using the rules of 
trigonometry, Pie can be expressed as 


Prue = Pg cos 6 


Since P,, equals [°Z or VI, the equation for the true power dissipation in an RC circuit 
can be written as 


Pine = VI cos 8 


where V is the applied voltage and J is the total current. 

For the case of a purely resistive current, 8 = 0° and cos 0° = 1, so Pre equals VI. For 
the case of a purely capacitive circuit, @ = 90° and cos 90° = 0, so Pre 1s zero. AS you al- 
ready know, there is no power dissipation in an ideal capacitor. 


The Power Factor 
The term cos @ is called the power factor and is stated as 
PF = cos@ 


As the phase angle between applied voltage and total current increases, the power fac- 
tor decreases, indicating an increasingly reactive circuit. The smaller the power factor, the 
smaller the power dissipation. 

The power factor can vary from 0 for a purely reactive circuit to 1 for a purely resistive 
circuit. In an RC circuit, the power factor is referred to as a leading power factor because 
the current leads the voltage. 


Equation 15-30 


Equation 15-31 


Equation 15-32 


EXAMPLE 15-23 Determine the power factor and the true power in the circuit of Figure 15-59. 


FIGURE 15-59 


@ RC Circuits 


1 
ee = 3 89K 
277(10 kHz)(0.0047 :F) 


he circuit in rectangular form is 


~tn'(*©) 
PR 
ot 3.39 kO 
39] vay aoe Foal ieee — te) 
3.39kQ)* Z—tan (A) B34 —13.6° ko) 
d with the impedance is 6, the angle between the applied voltage 
; therefore, the power factor is 


PF = cos@ = cos(—73.6°) = 0.282 
e 


= V,Icos 6 = (15 V)(4.25 mA)(0.282) = 18.0 mW 


Significance of Apparent Power 


As mentioned, apparent power is the power that appears to be transferred between the 
source and the load, and it consists of two components—a true power component and a re- 
active power component. 

In all electrical and electronic systems, it is the true power that does the work. The reac- 
tive power is simply shuttled back and forth between the source and load. Ideally, in terms 
of performing useful work, all of the power transferred to the load should be true power and 
none of it reactive power. However, in most practical situations the load has some reactance 
associated with it, and therefore you must deal with both power components. 

In Chapter 14, the use of apparent power in relation to transformers was discussed. For 
any reactive load, there are two components of the total current: the resistive component 
and the reactive component. If you consider only the true power (watts) in a load, you are 
dealing with only a portion of the total current that the load demands from a source. In or- 
der to have a realistic picture of the actual current that a load will draw, you must consider 
apparent power (VA). 

A source such as an ac generator can provide current to a load up to some maximum 
value. If the load draws more than this maximum value, the source can be damaged. Figure 
15—60(a) shows a 120 V generator that can deliver a maximum current of 5 A to a load. As- 
sume that the generator is rated at 600 W and is connected to a purely resistive load of 24 0, 
(power factor of 1). The ammeter shows that the current is 5 A, and the wattmeter indicates 
that the power is 600 W. The generator has no problem under these conditions, although it 
1s Operating at maximum current and power. 

Now, consider what happens if the load is changed to a reactive one with an impedance 
of 18 Q and a power factor of 0.6, as indicated in Figure 15-60(b). The current is 
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Wattmeter indicates 
Ammeter indicates that power is below 
that current is excessive. _ rated value. 


(a) Generator operating at its limits with a (b) Generator is in danger of internal damage 
resistive load. due to excess current, even though the 
wattmeter indicates that the power is 
below the maximum wattage rating. 


4 FIGURE 15-60 


Wattage rating of a source is inappropriate when the load is reactive. The rating should be in VA 
rather than in watts. 


120 V/18 © = 6.67 A, which exceeds the maximum. Even though the wattmeter reads 480 W, 
which is less than the power rating of the generator, the excessive current probably will 
cause damage. This illustration shows that a true power rating can be deceiving and is in- 
appropriate for ac sources. The ac generator should be rated at 600 VA, a rating that manu- 
facturers generally use, rather than 600 W. 


> true power, the reactive power, and the appar- 


ough R and C are 


= 1061 
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= (21.3 mA)*(470 0) = 213 mW 


= (9.43 mA)*(1061 ) = 94.3 mVAR 


it is the power dissipation due? 
the power factor? 


: s the following parameter values: R = 3300, 
the true power, the reactive power, and the ap- 


15-9 Basic APPLICATIONS 


RC circuits are found in a variety of applications, often as part of a more complex cir- 
cuit. Three applications are phase shift oscillators, frequency-selective circuits, (filters) 
and ac coupling. 


After completing this section, you should be able to 


The Phase Shift Oscillator 


As you know, a series RC circuit will shift the phase of the output voltage by an amount that 
depends on the values of R and C and the frequency of the signal. This ability to shift phase 
depending on frequency is vital in certain feedback oscillator circuits. An oscillator is a 
circuit that generates a periodic waveform and is an important circuit for many electronic 
systems. You will study oscillators in devices courses, so the focus here is on the applica- 
tion of RC circuits for shifting phase. The requirement is that a fraction of the output of the 
oscillator is returned to the input (called “feedback”) in the proper phase to reinforce the 
input and sustain oscillations. Generally, the requirement is to feed back the signal with a 
total of 180° of phase shift. 

A single RC circuit is limited to phase shifts that are smaller than 90°. The basic RC lag 
circuit discussed in Section 154 can be “stacked” to form a complex RC network as shown 
in Figure 15-62, which shows a specific circuit called a phase-shift oscillator. The phase 
shift oscillator typically uses three equal-component RC circuits that produce the required 
180° phase shift at a certain frequency, which will be the frequency at which the oscillator 


Amplifier 
Rr 


» FIGURE 15-62 
Phase shift oscillator. 


works. The output of the amplifier is phase shifted by the RC network and returned to the 
input of the amplifier, which provides sufficient gain to maintain oscillations. 

The process of putting several RC circuits together results in a loading effect, so the 
overall phase shift is not the same as simply adding the phase shifts of the individual RC 
circuits. The detailed calculation for this circuit is shown in Appendix B. With equal com- 
ponents, the frequency at which a 180° phase shift occurs is given by the equation 


1 
~ 2aV6 RC 
It also turns out that the RC network attenuates (reduces) the signal from the amplifier 


by a factor of 29; the amplifier must make up for this attenuation by having a gain of —29 
(the minus sign takes into account the phase shift). 


Sr 


0.001nF | 0.001 uF 


R 
15 kO, 
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Equation 15-33 


to 0.0027 F, what is the oscillator frequency? 
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10 V rms 


Vin 
10V de 
0 
(a) 
(b) 
10V rms 
(c) 
10 V rms 


(d) 


The RC Circuit as a Filter 


Filters are frequency-selective circuits that permit signals of certain frequencies to pass 
from the input to the output while blocking all others. That is, all frequencies but the se- 
lected ones are filtered out. Filters are covered in greater depth in Chapter 18 but are intro- 
duced here as an application example. 

Series RC circuits exhibit a frequency-selective characteristic and therefore act as basic fil- 
ters. There are two types. The first one that we examine, called a low-pass filter, is realized 
by taking the output across the capacitor, just as in a lag circuit. The second type, called a 
high-pass filter, is implemented by taking the output across the resistor, as in a lead circuit. 


Low-Pass Filter You have already seen what happens to the output magnitude and phase 
angle in a lag circuit. In terms of its filtering action, we are interested primarily in the vari- 
ation of the output magnitude with frequency. 

Figure 15—64 shows the filtering action of a series RC circuit using specific values for 
illustration. In part (a) of the figure, the input is zero frequency (dc). Since the capacitor 
blocks constant direct current, the output voltage equals the full value of the input voltage 
because there is no voltage dropped across R. Therefore, the circuit passes all of the input 
voltage to the output (10 V in, 10 V out). 

In Figure 15—64(b), the frequency of the input voltage has been increased to 1 kHz, 
causing the capacitive reactance to decrease to 159 .. For an input voltage of 10 V rms, the 


IOV de 
0 
ee 8.5 V rms 
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1.57 V rms 
1000 0.79 V rms 
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f = 20 kHz 
Xc = 7.962 
—O 


& FIGURE 15-64 
Low-pass filtering action (phase shifts are not indicated) 


output voltage is approximately 8.5 V rms, which can be calculated using the voltage- 
divider approach or Ohm’s law. 

In Figure 15—64(c), the input frequency has been increased to 10 kHz, causing the ca- 
pacitive reactance to decrease further to 15.9 .. For a constant input voltage of 10 V rms, 
the output voltage is now 1.57 V rms. 

As the input frequency is increased further, the output voltage continues to decrease and 
approaches zero as the frequency becomes very high, as shown in Figure 15—64(d). 

A description of the circuit action is as follows: As the frequency of the input increases, 
the capacitive reactance decreases. Because the resistance is constant and the capacitive re- 
actance decreases, the voltage across the capacitor (output voltage) also decreases accord- 
ing to the voltage-divider principle. The input frequency can be increased until it reaches a 
value at which the reactance is so small compared to the resistance that the output voltage 
can be neglected because it is very small compared to the input voltage. At this value of fre- 
quency, the circuit is essentially completely blocking the input signal. 

As shown in Figure 15-64, the circuit passes de (zero frequency) completely. As the fre- 
quency of the input increases, less of the input voltage is passed through to the output; that 
is, the output voltage decreases as the frequency increases. It is apparent that the lower fre- 
quencies pass through the circuit much better than the higher frequencies. This RC circuit 
is therefore a very basic form of low-pass filter. 

The frequency response of the low-pass filter circuit in Figure 15-64 is shown in 
Figure 15-65 with a graph of output voltage magnitude versus frequency. This graph, 
called a response curve, indicates that the output decreases as the frequency increases. 


Vout (V) 
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» FIGURE 15-65 


Frequency response curve for the low-pass filter in Figure 15-64. 


High-Pass Filter Figure 15—66 illustrates high-pass filtering action, where the output is 
taken across the resistor, just as in a lead circuit. When the input voltage is de (zero fre- 
quency) in part (a), the output is zero volts because the capacitor blocks direct current: 
therefore, no voltage is developed across R. 

In Figure 15—66(b), the frequency of the input signal has been increased to 100 Hz with 
an rms value of 10 V. The output voltage is 0.63 V rms. Thus, only a small percentage of 
the input voltage appears on the output at this frequency. 

In Figure 15—66(c), the input frequency is increased further to 1 kHz, causing more volt- 
age to be developed across the resistor because of the further decrease in the capacitive re- 
actance. The output voltage at this frequency is 5.32 V rms. As you can see, the output 
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Equation 15-34 


» FIGURE 15-66 
High-pass filtering action (phase shifts are not indicated). 


voltage increases as the frequency increases. A value of frequency is reached at which the 
reactance is negligible compared to the resistance, and most of the input voltage appears 
across the resistor, as shown in Figure 15—66(d). 

As illustrated, this circuit tends to prevent lower frequencies from appearing on the out- 
put but allows higher frequencies to pass through from input to output. Therefore, this RC 
circuit is a basic form of high-pass filter. 

The frequency response of the high-pass filter circuit in Figure 15—66 is shown in Figure 
15-67 with a graph of output voltage magnitude versus frequency. This response curve 
shows that the output increases as the frequency increases and then levels off and ap- 
proaches the value of the input voltage. 


The Cutoff Frequency and the Bandwidth of a Filter The frequency at which the ca- 
pacitive reactance equals the resistance in a low-pass or high-pass RC filter is called the 
cutoff frequency and is designated f,. This condition is expressed as 1/(27f.C) = R. 
Solving for f, results in the following formula: 


| 


fe = 27RC 


At f,, the output voltage of the filter is 70.7% of its maximum value. It is standard 
practice to consider the cutoff frequency as the limit of a filter’s performance in terms of 
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» FIGURE 15-67 


Frequency response curve for the high-pass filter in Figure 15-66. 


passing or rejecting frequencies. For example, in a high-pass filter, all frequencies above 
f, are considered to be passed by the filter, and all those below f, are considered to be re- 
jected. The reverse is true for a low-pass filter. 

The range of frequencies that is considered to be passed by a filter is called the band- 
width. Figure 15—68 illustrates the bandwidth and the cutoff frequency for a low-pass filter. 
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A FIGURE 15-68 


Normalized general response curve of a low-pass filter showing the cutoff frequency and the 
bandwidth. 


Coupling an AC Signal into a DC Bias Circuit 


Figure 15-69 shows an RC circuit that is used to create a dc voltage level with an ac voltage 
superimposed on it. This type of circuit is commonly found in amplifiers in which the dc volt- 
age is required to bias the amplifier to the proper operating point and the signal voltage to be 
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© FIGURE 15-69 +Vc 


Amplifier bias and signal-coupling 
circuit. 


Amplifier 


Input 
source 


Vac 


amplified is coupled through a capacitor and superimposed on the dc level. The capacitor pre- 
vents the low internal resistance of the signal source from affecting the dc bias voltage. 

In this type of application, a relatively large value of capacitance is selected so that for 
the frequencies to be amplified, the reactance is very small compared to the resistance of 
the bias network. When the reactance is very small (ideally zero), there is practically no 
phase shift or signal voltage dropped across the capacitor. Therefore, all of the signal volt- 
age passes from the source to the input of the amplifier. 

Figure 15—70 illustrates the application of the superposition principle to the circuit in 
Figure 15-69. In part (a), the ac source has been effectively removed from the circuit and 
replaced with a short to represent its ideal internal resistance (actual generators typically 
have 50 2 or 600 2 of internal resistance). Since C is open to de, the voltage at point A is 
determined by the voltage-divider action of R, and R> and the dc voltage source. 


A 
Ve R, : Vac 
(a) de equivalent: ac source replaced by (b) ac equivalent: dc source is replaced by (c) dc + ac: Voltages are superimposed at point A. 
short. C is open to dc. Ry and R3 act short. C is short to ac. All of V,_is 
as de voltage divider. coupled to point A. 


» FIGURE 15-70 
The superposition of dc and ac voltages in an RC bias and coupling circuit. 


In Figure 15—70(b), the de source has been effectively removed from the circuit and re- 
placed with a short to represent its ideal internal resistance. Since C appears as a short at 
the frequency of the ac, the signal voltage is coupled directly to point A and appears across 
the parallel combination of R, and R>. 

Figure 15—70(c) illustrates that the combined effect of the superposition of the dc and 
the ac voltages results in the signal voltage “riding” on the dc level. 
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in produced by the RC circuit in a phase shift oscillator? 
sed as a low-pass filter, across which component is the output 


15-10 TROUBLESHOOTING 


Typical component failures or degradation have an effect on the frequency response of 
basic RC circuits. 


After completing this section, you should be able to 
¢ Troubleshoot RC circuits 


¢ Find an open resistor or open capacitor 


Effect of an Open Resistor It is easy to see how an open resistor affects the operation of a 
basic series RC circuit, as shown in Figure 15—71. Obviously, there is no path for current, so the 
capacitor voltage remains at zero; thus, the total voltage, V,, appears across the open resistor. 


10 V 


» FIGURE 15-71 


Effect of an open resistor. 


Effect of an Open Capacitor When the capacitor is open, there is no current; thus, the 
resistor voltage remains at zero. The total source voltage is across the open capacitor, as 
shown in Figure 15-72. 


~ FIGURE 15-72 


Effect of an open capacitor. 
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Effect of a Shorted Capacitor Capacitors rarely short; but when a capacitor does short 
out, the voltage across it is zero, the current equals V,/R, and the total voltage appears 
across the resistor, as shown in Figure 15-73. 


canal 
vet 


10V 5 (Gast oH 


4 FIGURE 15-73 
Effect of a shorted capacitor. 


Effect of a Leaky Capacitor When a large electrolytic capacitor exhibits a high leakage 
current, the leakage resistance effectively appears in parallel with the capacitor as shown 
in Figure 15—74(a). When the leakage resistance is comparable in value to the circuit re- 
sistance, R, the circuit response is drastically affected. The circuit, looking from the capac- 
itor toward the source, can be thevenized, as shown in Figure 15—74(b). The Thevenin 
equivalent resistance is R in parallel with Rj.q, (the source appears as a short), and the 
Thevenin equivalent voltage is determined by the voltage-divider action of R and Rigax. 


RReeak 
Rin = Rieak = 
Rect Rieak 
Rieak 
R + Rieak 
R R 7 R 
| 
I 
| 
V, Rieak ( Rieak Cc ==> V, Rieak Vin 
| 
| 
| —.) 
a4 
(a) (b) 
Ri; = Rill Rieak 
= Rieak ) 
am (5 Rleak 
(c) 


4 FIGURE 15-74 
Effect of a leaky capacitor. 
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As you can see, the voltage across the capacitor is reduced since V, < V,. Also, the circuit 
time constant is reduced, and the current is increased. The Thevenin equivalent circuit is 
shown in Figure 15—74(c). 


EXAMPLE 15-26 Assume that the capacitor in Figure 15—75 is degraded to a point where its leakage 
resistance is 10kQ). Determine the output voltage under the degraded condition. 


R 
Wy 0 
pian i 
V; Xe Vou 
100° V 5kO 
2) 
FIGURE 15-75 
Solution The effective circuit resistance is 
RR 4.7kOD)10kO 
= eR) _ 520K 


R + Rieak 14.7kQO 


To determine the output voltage, find the Thevenin equivalent voltage. 


Rieak ) ( 10kO ) 
= | —*_ vy, = | ——— ]10V = 6.80V 
Ven (= + Rear) © \14.7kO, 
Then, 


Xx, kQ 
on = (ses) = (2 _ esov = 5.73 V 


VR}, + X2. V3.2k0)* + (5k) 


Related Problem What would the output voltage be if the capacitor were not leaky? 


Other Troubleshooting Considerations 


So far, you have learned about specific component failures and the associated voltage 
measurements. Many times, however, the failure of a circuit to work properly is not the re- 
sult of a faulty component. A loose wire, a bad contact, or a poor solder joint can cause an 
open circuit. A short can be caused by a wire clipping or solder splash. Things as sumple as 
not plugging in a power supply or a function generator happen more often than you might 
think. Wrong values in a circuit (such as an incorrect resistor value), the function generator 
set at the wrong frequency, or the wrong output connected to the circuit can cause improper 
operation. 

When you have problems with a circuit, always check to make sure that the instruments 
are properly connected to the circuits and to a power outlet. Also, look for obvious things 
such as a broken or loose contact, a connector that is not completely plugged in, or a piece 
of wire or a solder bridge that could be shorting something out. 

The point is that you should consider all possibilities, not just faulty components, when 
a circuit is not working properly. The following example illustrates this approach with a 
simple circuit using the APM (analysis, planning, and measurement) method. 
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EXAMPLE 15-27 


Solution 


The circuit represented by the schematic in Figure 15—76 has no output voltage, which 
is the voltage across the capacitor. You expect to see about 7.4 V at the output. The cir- 
cuit is physically constructed on a protoboard. Use your troubleshooting skills to find 
the problem. 


FIGURE 15~76 


R 
AM- =2 
v, 620 0 ? 
a ee 0.047uF | You 
—_——_——o 


Apply the APM method to this troubleshooting problem. 
Analysis: First think of the possible causes for the circuit to have no output voltage. 


1. There is no source voltage or the frequency is so high that the capacitive reactance 
is almost zero. 


2. There is a short between the output terminals. Either the capacitor could be inter- 
nally shorted, or there could be some physical short in the circuit. 


3. There is an open between the source and the output. This would prevent current 
and thus cause the output voltage to be zero. The resistor could be open, or the con- 
ductive path could be open due to a broken or loose connecting wire or a bad proto- 
board contact. 


4. There is an incorrect component value. The resistor could be so large that the cur- 
rent and, therefore, the output voltage are negligible. The capacitor could be so 
large that its reactance at the input frequency is near zero. 


Planning: You decide to make some visual! checks for problems such as the function 
generator power cord not plugged in or the frequency set at an incorrect value. Also, 
broken leads, shorted leads, as well as an incorrect resistor color code or capacitor la- 
bel often can be found visually. If nothing is discovered after a visual check, then you 
will make voltage measurements to track down the cause of the problem. You decide 
to use a digital oscilloscope and a DMM to make the measurements. 


Measurement: Assume that you find that the function generator ts plugged in and the 
frequency setting appears to be correct. Also, you find no visible opens or shorts dur- 
ing your visual check, and the component values are correct. 

The first step in the measurement process is to check the voltage from the source 
with the scope. Assume a 10 V rms sine wave with a frequency of 5 kHz is observed at 
the circuit input as shown in Figure 15—77(a). The correct voltage is present, so the 
first possible cause has been eliminated. 

Next, check for a shorted capacitor by disconnecting the source and placing a 
DMM (set on the ohmmeter function) across the capacitor. If the capacitor is good, an 
open will be indicated by an OL (overload) in the meter display after a short charging 
time. Assume the capacitor checks okay, as shown in Figure 15—77(b). The second 
possible cause has been eliminated. 

Since the voltage has been “lost” somewhere between the input and the output, you 
must now look for the voltage. Reconnect the source and measure the voltage across 
the resistor with the DMM (set on the voltmeter function) from one resistor lead to the 
other. The voltage across the resistor is zero. This means there is no current, which in- 
dicates an open somewhere in the circuit. 
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(b) With function cerettion divconniated the meter indicates the capacitor 
is not shorted. 
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(c) The voltage 1s tound at pomt LO, fndicaffig th that one of the two used protoboard 
contacts in that row is bad. 


Now, begin tracing the circuit back toward the source looking for the voltage (you 
could also start from the source and work forward). You can use either the scope or the 
DMM but decide to use the multimeter with one lead connected to ground and the 
other used to probe the circuit. As shown in Figure 15—77(c), the voltage on the right 
lead of the resistor, point (1), reads zero. Since you already have measured zero volt- 
age across the resistor, the voltage on the left resistor lead at point 2) must be zero as 
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the meter indicates. Next, moving the meter probe to point G), you read 10 V. You 
have found the voltage! Since there is zero volts on the left resistor lead, and there is 
10 V at point , one of the two contacts in the protoboard hole into which the wire 
leads are inserted is bad. It could be that the small contacts were pushed in too far and 
were bent or broken so that the circuit lead does not make contact. 

Move either or both the resistor lead and the wire to another hole in the same row. 
Assume that when the resistor lead is moved to the hole just above, you have voltage 
at the output of the circuit (across the capacitor). 


Suppose you had measured 10 V across the resistor before the capacitor was checked. 
What would this have indicated? 


‘ibe the effect of a leaky capacitor on the response of an RC circuit. | 


es RC circuit, if all of the applied voltage appears across the capacitor, what is 


cause 0 V across a Capacitor in a series RC circuit if the source is func- 
rly? 


A Circuit Application | 


In Chapter 12, you studied the capaci- { point B produced by the resistive voltage divider (R; and R3). If 


tively coupled input to an amplifier the input frequency is high enough so that the reactance of the 
with voltage-divider bias. In this cir- _{_ coupling capacitor is negligibly small, essentially no ac signal 
cuit application, you will check the voltage is dropped across the capacitor. As the signal frequency is 


output voltage and phase lag of a similar amplifier’s input circuit ! reduced, the capacitive reactance increases and more of the signal 
to determine how they change with frequency. If too much volt- : voltage is dropped across the capacitor. This lowers the overall 


age is dropped across the coupling capacitor, the overall per- voltage gain of the amplifier and thus degrades its performance. 

formance of the amplifier is adversely affected. i The amount of signal voltage that is coupled from the input 
As you learned in Chapter 12, the coupling capacitor (C)) in source (point A) to the amplifier input (point B) is determined 

Figure 15-78 passes the input signal voltage to the input of the — { by the values of the capacitor and the dc bias resistors (assum- 


ing the amplifier has no loading effect) in Figure 15-78. These 


amplifier (point A to point B) without affecting the dc level at 


®» FIGURE 15-78 
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A capacitively coupled amplifier. 


AC source 
V, 


in 


+18 V de 
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(a) 


47 kO 


= ac ground 


(b) 


» FIGURE 15-79 


A Circuit APPLICATION @ 


0.1 uF 


10 kQ||47 kO 


(c) 


The RC input circuit acts effectively like a high-pass RC filter. 


components actually form a high-pass RC filter, as shown in 
Figure 15-79. The voltage-divider bias resistors are effectively 
in parallel with each other as far as the ac source is concerned 
because the power supply has zero internal resistance. The 
lower end of R2 goes to ground and the upper end of R; goes to 
the dc supply voltage as shown in Figure 15—79(a). Since there 


The Response at Frequency fp 


Refer to Figure 15-81 and the circuit board in Figure 15-80. 
The input signal voltage displayed on channel 1 of the oscillo- 


: scope is applied to the amplifier circuit board. 


: Determine the frequency and the voltage that should be 


is no ac voltage at the +18 V dc terminal, the upper end of R; is 


at 0 V ac, which is referred to as ac ground. The development 
of the circuit into an effective high-pass RC filter is shown in 
parts (b) and (c). 


The Amplifier Input Circuit 


® Determine the value of the equivalent resistance of the input 
circuit. Assume the amplifier (shown inside the white dashed 
lines in Figure 15-80) has no loading effect on the input 
circuit. 


The Response at Frequency f; 


Refer to Figure 15—80. The input signal voltage is applied to 
the amplifier circuit board and displayed on channel! 1 of the 
oscilloscope, and channel 2 is connected to a point on the 
circuit board. 


@ Determine to what point on the circuit the channel 2 probe is 
connected, the frequency, and the voltage that should be 
displayed. 


displayed on channel 2. 


® State the difference between the channel 2 waveforms deter- 
mined for f; and f>. Explain the reason for the difference. 


The Response at Frequency f; 


: Refer to Figure 15-82 and the circuit board in Figure 15-80. 


The input signal voltage displayed on channel 1 of the oscillo- 

scope is applied to the amplifier circuit board. 

@ Determine the frequency and the voltage that should be dis- 
played on channel 2. 


: ®@ State the difference between the channel 2 waveforms deter- 


mined for f> and f3. Explain the reason for the difference. 


Response Curve for the Amplifier Input Circuit 
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: ® Determine the frequency at which the signal voltage at point 


‘ 
1 


B in Figure 15—78 is 70.7% of its maximum value. 


; © Plot the response curve using this voltage value and the val- 


ues at frequencies f{, fo, and f5. 


® How does this curve show that the input circuit acts as a 


high-pass filter? 
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+Input signal 


A FIGURE 15-80 
Measuring the input circuit response at frequency f;. Citcled numbers relate scope inputs to the 
probes. The channel 1 waveform is shown. 


.» FIGURE 15-81 » FIGURE 15-82 


Measuring the input circuit response at frequency f>. Measuring the input circuit response at frequency f3. 
The channel 1 waveform ts shown. The channel 1 waveform is shown. 


What is the voltage at point B in Figure 15~78 if the cou- 


@ What can you do to the circuit to lower the frequency at 2s 
pling capacitor opens when the ac input signal is 10 mV 


which the voltage is 70.7% of maximum without affecting 
the dc bias voltage? i rms? 
Review 3. What is the voltage at point B in Figure 15—78 if resistor Ry 
a is open when the ac input signal is 10 mV rms? 
1. Explain the effect on the response of the amplifier input cir- 

cuit of reducing the value of the coupling capacitor. 


Coverage of special topics continues in Chapter 16, Part 4, on page 702. 
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A complex number represents a phasor quantity. 
The rectangular form of a complex number consists of a real part and aj part of the form A + jB. 
The polar form of a complex number consists of a magnitude and an angle of the form CZ+0. 


Complex numbers can be added, subtracted, multiplied, and divided. 


e 
5 
Sd 
¢ 


When a sinusoida! voltage is applied to an RC circuit, the current and all the voltage drops are also 
sine waves. 


Total current in a series or parallel RC circuit always leads the source voltage. 
The resistor voltage is always in phase with the current. 

The capacitor voltage always lags the current by 90°. 

In a lag circuit, the output voltage lags the input voltage in phase. 


In a lead circuit, the output voltage leads the input voltage. 


@$¢¢ @¢ @ @ 


In an RC circuit, the impedance is determined by both the resistance and the capacitive reactance 
combined. 


Impedance is expressed in units of ohms. 

The circuit phase angle is the angle between the total current and the applied (source) voltage. 
The impedance of a series RC circuit varies inversely with frequency. 

The phase angle (@) of a series RC circuit varies inversely with frequency. 

For each parallel RC circuit, there is an equivalent series circuit for any given frequency. 


For each series RC circuit, there is an equivalent parallel circuit for any given frequency. 


eo ¢¢ ¢ ¢ @ 


The impedance of a circuit can be determined by measuring the applied voltage and the total 
current and then applying Ohm’s law. 


¢ 


In an RC circuit, part of the power is resistive and part reactive. 


5 


The phasor combination of resistive power (true power) and reactive power is called apparent 

power. 

© Apparent power is expressed in volt-amperes (VA). 

® The power factor (PF) indicates how much of the apparent power is true power. 

® A power factor of J indicates a purely resistive circuit, and a power factor of 0 indicates a purely 
reactive circuit. 

® A filter passes certain frequencies and rejects others. 


® A phase shift oscillator uses an RC network to produce a 180° phase shift. 


Key terms and other bold terms in the chapter are defined in the end-of-book glossary. 


Admittance (Y) A measure of the ability of a reactive circuit to permit current; the reciprocal of 
impedance. The unit is the siemens (S). 


Apparent power (P,,) The phasor combination of resistive power (true power) and reactive power. 
The unit is the volt-ampere (VA). 


Bandwidth The range of frequencies that is considered to be passed by a filter. 


Capacitive susceptance (Bc) The ability of a capacitor to permit current: the reciprocal of capac- 
itive reactance. The unit is the siemens (S). 


Complex plane An area consisting of four quadrants on which a quantity containing both magni- 
tude and direction can be represented. 


Cutoff frequency The frequency at which the output voltage of a filter is 70.7% of the maximum 
output voltage. 


Filter A type of circuit that passes certain frequencies and rejects all others. 


Frequency response In electric circuits, the variation in the output voltage (or current) over a 
specified range of frequencies. 
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Imaginary number A number that exists on the vertical axis of the complex plane. 
Impedance The total opposition to sinusoidal current expressed in ohms. 
Polar form One form of a complex number made up of a magnitude and an angle. 


Power factor The relationship between volt-amperes and true power or watts. Volt-amperes multi- 
plied by the power factor equals true power. 


Real number A number that exists on the horizontal axis of the complex plane. 


Rectangular form One form of a complex number made up of a real part and an imaginary part. 
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Complex Numbers 


1 C=VA +R’ 

+B 
15-2. @ = tan” '{ —— 
5- an (=) 


15-3 +A + jB = CZ+0 
1544 A = Ccos@ 

15-5 B= Csin@ 

15-6 CZ0=A+ jB 


Series RC Circuits 
15-7 Z=R— jxc 


x 
68 Z=VR+xX2z2- tan-1(*2) 


15-9 V= 


IZ 
Vv 
15-10 T= Z 
Vv 
15-11 I 


Z 
15-12 V, — Vr — jVe 


V, 
15-13 V, = Vv2 + V2z - wan'( 72) 
R 
Lag Circuit 
R 
15-14 = -tan'(*) 
Xe 
15-15 Voy = ae 
out VR? + XE Vin 
Lead Circuit 
xX 
15-16 $= tan#(7°) 
R 
15=17eVe (4) _ 
VR? + X@ 
Parallel RC Circuits 


1518 Z= (“35 ) z-wn-1(2) 
VR? + X2 Xe 
S19 Y=G+jBc 


15-20. V= _ 
Y 
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15-21 I=VY 
I 
15-22 Y=— 
: Vv 


15-23 Lor = Ir + ile 


I 
15-24 1, = V+ Ztan-!() 


R 
15-25 Reg = Zcosé 
15-26 XC(eq) = Zsind 


A 
1527 6= (4)s60 


Power in RC Circuits 
15-28 = Prue = PR 
15-29 PP, = PX¢ 
15-30 P,=PZ 
15-31) Pine = VI cos 0 
15-32 PF = cos@ 


Applications 
1 
15-33 — 
fr 2a V6RC 
1 
15-34 f.=— 


2aRC 


vers are at the end of the chapter. 


1. A positive angle of 20° is equivalent to a negative angle of 

(a) —160° (b) —340° (c) —70° (d) —20° 
2. In the complex plane, the number 3 + /4 is located in the 

(a) first quadrant (b) second quadrant (c) third quadrant (d) fourth quadrant 
3. In the complex plane, 12 — j6 is located in the 

(a) first quadrant (b) second quadrant (c) third quadrant (d) fourth quadrant 
4. The complex number 5 + j5 is equivalent to 

(a) 5 245° (b) 25 20° (c) 7.07245° (d) 7.072135° 


5. The complex number 35 260° is equivalent to 

(a) 35 + 735 (b) 35 + j60 (ce) 17.5 + 730.3 (d) 30.3 + j17.5 
6. (4 + 77) + (—2 + J9) is equal to 

(a) 2 + j16 (b) 11 + Jil (c) —2 + 716 (d) 2 — j2 
7. (16 — j8) — (12 + 75) is equal to 


(a) 28 — 713 (b) 4 — j13 (c) 4 — 73 (d) —4 + j13 
8. (5. 245°)(2 220°) is equal to 
(a) 7265° (b) 10225° (c) 10265° (d) 7225° 
(502 10°)/(25 230°) is equal to 
(a) 25 240° (b) 240° (ec) 252 —20° (d) 22—20° 


10. In a series RC circuit, the voltage across the resistance is 


No 


(a) in phase with the source voltage (b) lagging the source voltage by 90° 
(c) in phase with the current (d) lagging the current by 90° 
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11. Ina series RC circuit, the voltage across the capacitor is 
(a) in phase with the source voltage (b) lagging the resistor voltage by 90° 
(c) in phase with the current (d) lagging the source voltage by 90° 

12. When the frequency of the voltage applied to a series RC circuit is increased, the impedance 
(a) increases (b) decreases (c) remains the same (d) doubles 

13. When the frequency of the voltage applied to a series RC circuit is decreased, the phase angle 
(a) increases (b) decreases (c) remains the same (d) becomes erratic 

14. Ina series RC circuit when the frequency and the resistance are doubled, the impedance 
(a) doubles (b) is halved 
(c) is quadrupled (d) cannot be determined without values 


15. Ina series RC circuit, 10 V rms is measured across the resistor and 10 V rms is also measured 
across the capacitor. The rms source voltage is 


(a) 20V (b) 14.14V (c) 28.28 V (d) 10V 


16. The voltages in Question 15 are measured at a certain frequency. To make the resistor voltage 
greater than the capacitor voltage, the frequency 


(a) must be increased (b) must be decreased 
(c) is held constant (d) has no effect 
17. When R = Xc, the phase angle is 
(a) 0° (b) +90° (c) —90° (d) 45° 
18. To decrease the phase angle below 45°, the following condition must exist: 
(a) R = Xc (b) R< Xe (c) R> Xe (d) R = 10Xc 
19. When the frequency of the source voltage is increased, the impedance of a parallel RC circuit 
(a) increases (b) decreases (c) does not change 


20. In a parallel RC circuit, there is 1 A rms through the resistive branch and | A rms through the 


capacitive branch. The total rms current is 
(a) 1A (b) 2A (ce) 2.28A (d) 1.414A 

21. A power factor of | indicates that the circuit phase angle is 
(a) 90° (b) 45° (ce) 180° (d) 0° 


22. For a certain load, the true power is 100 W and the reactive power is 100 VAR. The apparent 
power is 


(a) 200 VA (b) 100 VA (c) 141.4 VA (d) 141.4 W 


23. Energy sources are normally rated in 


(a) watts (b) volt-amperes (c) volt-amperes reactive (d) none of these 


Answers are at the end of the chapter. 


Refer to Figure 15-86. 
1. If C opens, the voltage across it 
(a) increases (b) decreases (c) stays the same 
2. If R opens, the voltage across C 
(a) increases (b) decreases (c) stays the same 
3. If the frequency is increased, the voltage across R 


(a) increases (b) decreases (c) stays the same 


Refer to Figure 15-87. 
4. If R, opens, the voltage across R2 


(a) increases (b) decreases (c) stays the same 
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5. If C, is increased to 0.47 pF, the voltage across it 


(a) mcreases (b) decreases (c) stays the same 


Refer to Figure 15-93. 
6. If R becomes open, the voltage across the capacitor 
(a) increases (b) decreases (c) stays the same 
7. If the source voltage increases, Xc 


(a) increases (b) decreases (c) stays the same 


Refer to Figure 15-98. 
8. If Ro opens, the voltage from the top of Rz to ground 
(a) increases (b) decreases (c) stays the same 
9. If C) shorts out, the voltage across C) 
(a) increases (b) decreases (c) stays the same 
10. If the frequency of the source voltage is increased, the current through the resistors 
(a) increases (b) decreases (c) stays the same 
11. If the frequency of the source voltage is decreased, the current through the capacitors 
(a) increases (b) decreases (c) stays the same 


Refer to Figure 15-103. 

12. If C3 opens, the voltage from point B to ground 
(a) increases (b) decreases (c) stays the same 

13. If Cp opens, the voltage from point B to ground 
(a) increases (b) decreases (c) stays the same 

14. Ifa short develops from point C to ground, the voltage from point A to ground 
(a) increases (b) decreases (c) stays the same 

15. If capacitor C3 opens, the voltage from B to D 
(a) increases (b) decreases (c) stays the same 

16. If the source frequency increases, the voltage from point C to ground 
(a) increases (b) decreases (c) stays the same 

17. If the source frequency increases, the current from the source 
(a) increases (b) decreases (c) stays the same 

18. If Rp shorts out, the voltage across C, 


(a) increases (b) decreases (c) stays the same 


More difficult problems are indicated by an asterisk (*). 
Answers to odd-numbered problems are at the end of the book. 


PART 1: SERIES CIRCUITS 
SECTION 15-1 The Complex Number System 


1. What are the two characteristics of a quantity indicated by a complex number? 


2. Locate the following numbers on the complex plane: 
(a) +6 «=6(b) -2— (473d) 8 

3. Locate the points represented by each of the following coordinates on the complex plane: 
(a) 3, j5 (b) —7, jl (c) —10, —f10 


*4. Determine the coordinates of each point having the same magnitude but located 180° away 
from each point in Problem 3. 


*5. Determine the coordinates of each point having the same magnitude but located 90° away from 
those in Problem 3. 
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SECTION 15-2 


6. Points on the complex plane are described below. Express each point as a complex number in 
rectangular form: 


(a) 3 units to the right of the origin on the real axis, and up 5 units on the j axis. 
(b) 2 units to the left of the origin on the real axis, and 1.5 units up on the j axis. 
(c) 10 units to the left of the origin on the real axis, and down 14 units on the — axis. 
7. What is the value of the hypotenuse of a right triangle whose sides are 10 and 15? 
8. Convert each of the following rectangular numbers to polar form: 
(a) 40 — j40 (b) 50 — 7200 (c) 35 — 720 (d) 98 + j45 
Convert each of the following polar numbers to rectangular form: 
(a) 10002Z—SO0° (b) 15.2160° (C)P2572 1352 (d) 32180° 
10. Express each of the following polar numbers using a negative angle to replace the positive angle: 
(a) 102120° (b) 32285° (c) 52310° 
11. Identify the quadrant in which each point in Problem 8 is located. 


SS 


12. Identify the quadrant in which each point in Problem 10 is located. 
13. Write the polar expressions using positive angles for each phasor in Figure 15-83. 


(a) (b) (c) (d) 


4@ FIGURE 15-83 


14. Add the following sets of complex numbers: 


(a) 9 + j3and5 + j8 (b) 3.5 — j4and 2.2 + j6 
(c) —18 + j23 and 30 —j15S — (d): 12.2 45° and 20.232° 
(e) 3.8.275° and 1 + j1.8 (f) 50 — j39 and 60 Z—30° 


15. Perform the following subtractions: 
(a) (2.5 + 1.2) — (1.4 + j0.5) (by) (—45 — j23) — (36 + f12) 


(©) (8 — fA) — 3:225° (d) 48.2135° — 33 Z—60° 
16. Muitiply the following numbers: 

(a) 4.5 248° and 3.2 290° (b) 120.2 —220° and 95 2200° 

(c) —32150° and 4 — j3 (d) 67 + j84 and 102. 240° 


(e) 15 — jl0 and —25 — j30 —(f) 0.8 + jO0.5 and 1.2 — j1.5 


17. Perform the following divisions: 


(a) 8 250° (b) 63:2 912 " 28 230° d 40 — j30 
2.5:239° OZA0° , 14 — f12 16 + 78 
18. Perform the following operations: 
2a Z69° = SZ 23° (100.2 15°)(85 — 7150) 
(a) Bae (b) 5 
1.2237 25 + j45 
(250 290° + 175.275°)(50 — 7100) (i5yG8) (8 4 
(c) : = (Cl) Peeereree CG an = 
(125 + 790)(35 250°) 1.1 4 2 


Sinusoidal Response of Series RC Circuits 


19. An 8 kHz sinusoidal voltage is applied to a series RC circuit. What is the frequency of the volt- 
age across the resistor? Across the capacitor? 


20. What is the wave shape of the current in the circuit of Problem 19? 
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SECTION 15-3 Impedance of Series RC Circuits 


21. Express the total impedance of each circuit in Figure 15—84 in both polar and rectangular forms. 


(a) (b) 


» FIGURE 15-84 


22. Determine the impedance magnitude and phase angle in each circuit in Figure 15-85. 


R, CG © z 
100KQ 0.01 zF 0.022 uF 10k0 
V, Vv 
R, s Cc 'e 
500° V 8Z0° V 1 2 
pono a 470 pF 470 pF 
(a) (b) 
R C 
680.0, | ae CG “2 C3 
y, ae paEt 0.001 uF 0.0022 uF 
5 220° V 
f= 100 kHz Ry R, 
1.2kO 1800 


(c) 
& FIGURE 15-85 


23. For the circuit of Figure 15—86, determine the impedance expressed in rectangular form for 
each of the following frequencies: 


(a) 100 Hz (b) 500 Hz (c) 1 kHz (d) 2.5 kHz 
24. Repeat Problem 23 for C = 0.0047 pF. 
25. Determine the values of R and X¢ in a series RC circuit for the following values of total 
impedance: 
(a) Z = 330 — j500 (b) Z = 3002 —-25° O 
(ce) Z = 1.82—-67.2°kO (d) Z = 789 Z—45° 0 


SECTION 15-4 Analysis of Series RC Circuits 
26. Express the current in polar form for each circuit of Figure 15-84. 
27, Calculate the total current in each circuit of Figure 15-85 and express in polar form. 


28. Determine the phase angle between the applied voltage and the current for each circuit in 
Figure 15-85. 


668 ¢ RC Circuits 


29. Repeat Problem 28 for the circuit in Figure 15-86, using f = 5 kHz. 


30. For the circuit in Figure 15-87, draw the phasor diagram showing all voltages and the total 
current. Indicate the phase angles. 


Cc, 
R Cc 
Ee 0.0022 uF V. 0.1 WF p : 
220° V rms 1 2 
V, 1000 100.0 
10V f = ISkHz Cy 
ss = 0.22 uF = 
A FIGURE 15-86 & FIGURE 15-87 


31. For the circuit in Figure 15-88, determine the following in polar form: 
(a Z (bb) Ia (Ve ) Ve 


» FIGURE 15-88 


R 
WA 
x V, 560 Cc 
100° V rms 


f=20Hz [ ee 


*32. To what value must the rheostat be set in Figure 15-89 to make the total current 10 mA? What 
is the resulting angle? 


*33. Determine the series element or elements that must be installed in the block of Figure 15—90 to 
meet the following requirements: Pj. = 400 W and there is a leading power factor (J; leads V,). 


R, 


{ma 


40 


(G. 
0.027 uF 
V. H R 
1020° V 


f =10kHz 
— 


& FIGURE 15-89 » FIGURE 15-90 


34. For the lag circuit in Figure 15—91, determine the phase shift between the input voltage and the 
output voltage for each of the following frequencies: 


(a) 1 Hz (b) 100 Hz (c) 1 kHz (d) 10 kHz 


® FIGURE 15-91 


PROBLEMS © 669 


35. The lag circuit in Figure 15—91 also acts as a low-pass filter. Draw a response curve for this 
circuit by plotting the output voltage versus frequency for 0 Hz to 10 kHz in 1 kHz increments. 


36. Repeat Problem 34 for the lead circuit in Figure 15—92. 


> FIGURE 15-92 


10 WF 


Ms 100 V, 


10 Vv out 


37. Plot the frequency response curve of the output amplitude for the lead circuit in Figure 15-92 
for a frequency range of 0 Hz to 10 kHz in 1 kHz increments. 


38. Draw the voltage phasor diagram for the circuit in Figure 15—91 for a frequency of 5 kHz with 
V, = 1 Vrms. 


39. Repeat Problem 38 for the circuit in Figure 15-92. V, = 10 Vrms and f = | kHz. 


PART 2: PARALLEL CIRCUITS 
SECTION 15-5 Impedance and Admittance of Parallel RC Circuits 


40. Determine the impedance and express it in polar form for the circuit in Figure 15-93. 
41. Determine the impedance magnitude and phase angle in Figure 15-94. 
42. Repeat Problem 41 for the following frequencies: 

(a) 1.5 kHz (b) 3 kHz (c) 5 kHz (d) 10 kHz 


10 V rms oe | 2kO 


« FIGURE 15-93 » FIGURE 15-94 


SECTION 15-6 _ Analysis of Parallel RC Circuits 
43. For the circuit in Figure 15—95, find all the currents and voltages in polar form. 


> FIGURE 15-95 
Vs xo R 


1020° V 


670 © RC Circuits 


44, For the parallel circuit in Figure 15-96, find the magnitude of each branch current and the total 
current. What is the phase angle between the applied voltage and the total current? 


80° V Gy [. R Ry 
f= 50 kHz 0.047 uF | 0.022 uF = 2200 180.0 


4 FIGURE 15-96 


45. For the circuit in Figure 15—97, determine the following: 
(a) Z (b) Ip (©) Ictor (@) Les (e) 0 


> FIGURE 15-97 


100.20° mv 


46. Repeat Problem 45 for R = 5.6kQ,, C; = 0.047 wF, C2 = 0.022 uF, and f = 500 Hz. 


*47, Convert the circuit in Figure 15-98 to an equivalent series form. 


> FIGURE 15-98 


*48, Determine the value to which R; must be adjusted to get a phase angle of 30° between the 
source voltage and the total current in Figure 15—99, 


10Z0°V Ry Cc 


fei 47kO eo 


A FIGURE 15-99 


PRoBLEMS © 671 


PART 3: SERIES-PARALLEL CIRCUITS 
SECTION 15-7 Analysis of Series-Parallel RC Circuits 


49, Determine the voltages in polar form across each element in Figure 15-100. Draw the voltage 
phasor diagram. 


50. Is the circuit in Figure 15—100 predominantly resistive or predominantly capacitive? 


51. Find the current through each branch and the total current in Figure 15—100. Express the cur- 
rents in polar form. Draw the current phasor diagram 


> FIGURE 15-100 


120° V 
f =15 kHz 


§2. For the circuit in Figure 15—101, determine the following: 
(a) to =D) 9 (Vx So @) VS) Vs ~—s ff) Vee 
*53. Determine the value of Cz in Figure 15-102 when V4 = Vp. 


Cc 
0.047 F 


& FIGURE 15-101 A FIGURE 15-102 


*54. Determine the voltage and its phase angle at each point labeled in Figure 15—103. 
*5§. Find the current through each component in Figure 15—103. 
*56. Draw the voltage and current phasor diagram for Figure 15—103. 


C, R, R3 C3 
A : B 
D 
0.015 uF p, 0-022 HE 
y, 1.0kO 
10.20°V : 
f =2.5 kHz Ry 820 0 


4 FIGURE 15-103 
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SECTION 15-8 


SECTION 15-9 


SECTION 15-10 


PART 4: SPECIAL TOPICS 


Power in RC Circuits 


57. In acertain series RC circuit, the true power is 2 W, and the reactive power is 3.5 VAR. Deter- 
mine the apparent power. 


58. In Figure 15—88, what is the true power and the reactive power? 
59. What is the power factor for the circuit of Figure 15-98? 
60. Determine Pyye, P,. Pz, and PF for the circuit in Figure 15—101. Draw the power triangle. 


*61. A single 240 V, 60 Hz source drives two loads. Load A has an impedance of 50 0 and a power 
factor of 0.85. Load B has an impedance of 72 Q and a power factor of 0.95. 


(a) How much current does each load draw? 
(b) What is the reactive power in each load? 
(c) What is the true power in each load? 

(d) What is the apparent power in each load? 


(e) Which load has more voltage drop along the lines connecting it to the source? 


Basic Applications 


62. Calculate the frequency of oscillation for the circuit in Figure 15-62 if all Cs are 0.0022 uF 
and all Rs are 10kQ. 


*63. What value of coupling capacitor is required in Figure 15—104 so that the signal voltage at the 
input of amplifier 2 is at least 70.7% of the signal voltage at the output of amplifier | when the 
» FIGURE 15-104 Cc 


frequency is 20 Hz? 
eueiien 100 kO — 


64. The rms value of the signal voltage out of amplifier A in Figure 15-105 is 50 mV. If the input 
resistance to amplifier B is 10kQ,, how much of the signal is lost due to the coupling capacitor 
when the frequency is 3 kHz? 


» FIGURE 15-105 50 mV 


Pi 


Troubleshooting 


65. Assume that the capacitor in Figure 15—106 is excessively leaky. Show how this degradation 
affects the output voltage and phase angle, assuming that the leakage resistance is 5 kQ. and 


the frequency is 10 Hz. 
R 
AM, 6 
4.7kQ | 
V; i c Vv 


» FIGURE 15-106 


1020° V ioge 


—o 
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*66. Each of the capacitors in Figure 15-107 has developed a leakage resistance of 2 kO.. Determine 
the output voltages under this condition for each circuit. 


(b) 


A FIGURE 15-107 


67. Determine the output voltage for the circuit in Figure 15—107(a) for each of the following 
failure modes, and compare it to the correct output: 


(a) R, open (b) Rz open (c) C open (d) C shorted 


68. Determine the output voltage for the circuit in Figure 15—107(b) for each of the following 
failure modes, and compare it to the correct output: 


(a) Copen (b) C shorted (c) R, open (d) Ro open (e) R3 open 


Wels Multisim Troubleshooting and Analysis 

- These problems require your Multisim CD-ROM. 
69. Open file P15-69 and determine if there is a fault. If so, find the fault. 
70. Open file P15-70 and determine if there is a fault. If so, find the fault. 
71. Open file P15-71 and determine if there is a fault. If so, find the fault. 
72. Open file P15-72 and determine if there is a fault. If so, find the fault. 
73. Open file P15-73 and determine if there is a fault. If so, find the fault. 
74. Open file P15-74 and determine if there is a fault. If so, find the fault. 
75. Open file P15-75 and determine the frequency response for the filter. 
76. Open file P15-76 and determine the frequency response for the filter. 


ANSWERS 


SECTION REVIEWS 


SECTION 15-1 The Complex Number System 
1. 2.828 .45°: first 
2. 3.54 — 73.54, fourth 
3. 4+ jl 
4.34 j7 
5. 162110° 
65.9215" 


SECTION 15-2 Sinusoidal Response of Series RC Circuits 
1. The voltage frequency is 60 Hz. The current frequency is 60 Hz. 
2. The capacitive reactance causes the phase shift. 
3. The phase angle is closer to 0°. 


SECTION 15-3 Impedance of Series RC Circuits 
1. R= 1500; Xe = 2200 
2. Z = 33k0 — j50kN 
3. Z= VR’ + X2 = 59.9k0; 6 = —tan (X>/R) = —56 6° 
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SECTION 15-4 Analysis of Series RC Circuits 


SECTION 15-5 


SECTION 15-6 


SECTION 15-7 


SECTION 15-8 


SECTION 15-9 


SECTION 15-10 


1. V, = VVe + VE = 7.21V 

2. 6 = —tan (XR) = —56.3° 

3. 6 = 90° 

4. When f increases, X¢ decreases, Z decreases, and @ decreases. 
5. 6 = —90° + tan (XR) = —62.8° 

6. Vou = (RIV R? + X2)Vin = 8.90 V rms 


Impedance and Admittance of Parallel RC Circuits 


J. Conductance is the reciprocal of resistance, capacitive susceptance is the reciprocal of capaci- 
tive reactance, and admittance is the reciprocal of impedance. 


2. Y= 1/Z = 1/1000 = 10 mS 
3. Y¥ = WZ = 25.1232.1° pS 
4. Z = 39.82 —32.1°kO 


Analysis of Parallel RC Circuits 
L hy = iY = 21m 
2. Nig = Vig + I = 18mA;6 = tan '(Uc/[p) = 56.3°; @ is with respect to applied voltage. 
3. @ = 90° 


Analysis of Series-Parallel RC Circuits 
1. See Figure 15-108. 
2. Zaoe = VelVioe = 36.92 ~51.6° 0 


> FIGURE 15-108 a , 


1.34kO 0.048 pF 


Power in RC Circuits 
1. Power dissipation is due to resistance. 
2. PF = cos@ = 0.707 
3. Prue = PR = 1.32kW; P, = PXc = 1.84kVAR; P, = PZ = 2.26kVA 


Basic Applications 
1. 180° 


2. The output is across the capacitor. 


Troubleshooting 
1. The leakage resistance acts in parallel with C, which alters the circuit time constant. 
2. The capacitor is open. 


3. An open series resistor or the capacitor shorted will result in 0 V across the capacitor. 


A Circuit Application 


1. A lower value coupling capacitor will increase the frequency at which a significant drop in 
voltage occurs. 


ANSWERS 


2. Vg = 3.16 V de 
3. Vz = 10mV rms 


RELATED PROBLEMS FOR EXAMPLES 
15-1 (a) Ist (b) 4th (c) 3rd (d) 2nd 
15-2 29.252° 
15-3 70.1 — 34.2 
14. 1 58 
15-5 —13.5 — j4.5 
15-6 15002—50° 
15-7 42-42° 
15-8 114.612390255 2-60.75 ... 
See Figure 15-109. 


© FIGURE 15-109 


—j100 


15-9 V, = 2562—-38.5°V 

15-10 I = 3.80233.4° mA 

15-11 Z = 15.9kO,6 = —86.4° 

15-12 The phase lag increases. 

15-13 The output voltage decreases. 
15-14 The phase lead decreases. 

15-15 The output voltage increases. 
15-16 Z = 24.32—-76.0° 0 

15-17 Y = 4.60 248.8° mS 

15-18 I = 6.16242.4°mA 

15-19 I,,, = 117231.0°mA 

15-20 Reg = 8.99kQ, Xc(eq) = 4.38kO 
15-21 V, = 7.05 28.9° V, V2 = 3.212—18.9° V 


15-22 Vp = 766.267.5° mV; Voy = 1.85 2—22.5° V; Vaz = 1.58. 237.6° V; 
Vo = 1.222-—52.4° V; See Figure 15-110. 


» FIGURE 15-110 Ver 


766 mV 
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15-23 PF = 0.146 
15-24 Pry = 213 mW 
15-25 1.60 kHz 

15-26 Vou = 7.29V 
15-27 Resistor open 


SELF-TEST 

L. (b) 2. (a) 3. (d) 4. ©) 
8. (c) 9.) 10() LL (b) 
15.(b) 16.(a) 17.) 18© 
22. (c) 23. (b) 


CIRCUIT DYNAMICS QUIZ 

h(a) 206) %3@ £44 
9. (a) 10. (c) 11. (b) 12. (a) 
17. (a) 18. (a) 


5. (c) 
12. (b) 
19. (b) 


5. (b) 
13. (a) 


6. (a) 
13. (a) 
20. (d) 


6. (c) 
14. (b) 


. (b) 
14. 
21. 


(d) 
(d) 


(Ce) 
15. 


8. (a) 
16. (b) 


Sinusoidal Response of Series RL Circuits 
Impedance of Series RL Circuits 
Analysis of Series RL Circuits 


Impedance and Admittance of Parallel RL Circuits 
Analysis of Parallel RL Circuits 


Analysis of Series-Parallel RL Circuits 


Power in RL Circuits 
Basic Applications 
Troubleshooting 

A Circuit Application 


Describe the relationship between current and voltage in a 
series RL circuit 


Determine the impedance of a series RL circuit 


Analyze a series RL circuit 


Determine impedance and admittance in a parallel RL circuit 


Analyze a parallel RL circuit 


Analyze series-parallel RL circuits 


Determine power in RL circuits 
Describe two examples of RL circuit applications 
Troubleshoot RL circuits 


@ Inductive reactance 
¢ Inductive susceptance (B,) 


In the circuit application, you will use your knowledge of RL 
circuits to determine, based on parameter measurements, 
the type of filter circuits that are encapsulated in sealed 
modules and their component values. 


Study aids for this chapter are available at 
http://www. prenhall.com/floyd 


In this chapter you will study series and parallel RL circuits. 
The analyses of RL and RC circuits are similar. The major dif- 
ference is that the phase responses are opposite; inductive 
reactance increases with frequency, while capacitive reac- 
tance decreases with frequency. 

An RL circuit contains both resistance and inductance. 
In this chapter, basic series and parallel RL circuits and their 
responses to sinusoidal ac voltages are presented. Series- 
parallel combinations are also analyzed. True, reactive, and 
apparent power in RI circuits are discussed and some basic 
RL circuit applications are introduced. Applications of RL 
circuits include filters and switching regulators. Trouble- 
shooting is also covered in this chapter. 


If you chose Option 1 to cover all of Chapter 15 on RC cir- 
cuits, then all of this chapter should be covered next. 

If you chose Option 2 to cover reactive circuits beginning 
in Chapter 15 on the basis of the four major parts, then the 
appropriate part of this chapter should be covered next, fol- 
lowed by the corresponding part in Chapter 17. 


Pe ee 


! 


L 


sf 


> 
S 
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16-1 SINUSOIDAL RESPONSE OF SERIES RL Circuits 


As with the RC circuit, all currents and voltages in a series RL circuit are sinusoidal 
when the input voltage is sinusoidal. The inductance causes a phase shift between the 
voltage and the current that depends on the relative values of the resistance and the in- 
ductive reactance. 


After completing this section, you should be able to 
¢ Describe the relationship between current and voltage in a series RL circuit 


¢ Discuss voltage and current waveforms 


In an RL circuit, the resistor voltage and the current lag the source voltage. The inductor 
voltage leads the source voltage. Ideally, the phase angle between the current and the induc- 
tor voltage is always 90°. These generalized phase relationships are indicated in Figure 16-1. 
Notice how they differ from those of the RC circuit that was discussed in Chapter 15. 

The amplitudes and the phase relationships of the voltages and current depend on the 
values of the resistance and the inductive reactance. When a circuit is purely inductive, 
the phase angle between the applied voltage and the total current is 90°, with the current 
lagging the voltage. When there is a combination of both resistance and inductive reactance 
in a circuit, the phase angle is somewhere between 0° and 90°, depending on the relative 
values of the resistance and the inductive reactance. 

Recall that practical inductors have winding resistance, capacitance between windings, 
and other factors that prevent an inductor from behaving as an ideal component. In practical 


<e 
V, leads V, 


* FIGURE 16-1 


Illustration of sinusoidal response with general phase relationships of Vp, V,, and / relative to the 
source voltage. Vz and / are in phase, while Vp and V, are 90° out of phase with each other. 


IMPEDANCE OF SERIES RL Circuits * 679 


circuits, these effects can be significant; however, for the purpose of isolating the inductive 
effects, we will treat inductors in this chapter as ideal (except in the Circuit Application). 


to an RE circuit. What is the frequency of the 


cuit is greater than the inductive reactance, is the 
tage and the total current closer to 0° or to 90°? 


16—2 IMPEDANCE OF SERIES RL CIRCUITS 


The impedance of a series RL circuit consists of resistance and inductive reactance and 
is the total opposition to sinusoidal current. Its unit is the ohm. The impedance also 
causes a phase difference between the total current and the source voltage. Therefore, 
the impedance consists of a magnitude component and a phase angle component. 


After completing this section, you should be able to 


¢ Determine the impedance of a series RL circuit 


The impedance of a series RL circuit is determined by the resistance and the inductive 
reactance. Inductive reactance is expressed as a phasor quantity in rectangular form as 


Xp = JX. 
In the series RL circuit of Figure 16—2, the total impedance is the phasor sum of R and 
j&Xrz, and is expressed as 


Z=R+ jx, Equation 16-1 


4 FIGURE 16-2 
impedance in a series RL circuit. 


In ac analysis, both R and X;, are as shown in the phasor diagram of Figure 16—3(a), with 
X;, appearing at a +90° angle with respect to R. This relationship comes from the fact that 
the inductor voltage leads the current, and thus the resistor voltage, by 90°. Since Z is the 
phasor sum of K and jX;, its phasor representation is as shown in Figure 16—3(b). A repo- 
sitioning of the phasors, as shown in part (c), forms a right triangle called the impedance 
triangle. The length of each phasor represents the magnitude of the quantity, and @ is the 
phase angle between the applied voltage and the current in the RL circuit. 
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Equation 16-2 


(a) (b) (c) 


4 FIGURE 16-3 
Development of the impedance triangle for a series RL circuit. 


The impedance magnitude of the series RL circuit can be expressed in terms of the 


resistance and reactance as 
Za Wk Ea 


The magnitude of the impedance is expressed in ohms. 
The phase angle, 6, is expressed as 


g= tan-t( 4) | 


Combining the magnitude and the angle, the impedance can be expressed in polar form as 


X, 
Z= VR + 1 Ztan-'(7) 


| 


6-4, write the phasor expression for the impedance in both 


R 
560. 
100.2 100.2 
(c) 
(a), the impedance is 


(560, in rectangular form (X; = 0) 
Z0° 0 in polar form 


to the resistance, and the phase angle is zero because 
phase shift. 
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For the circuit in Figure 16—4(b), the impedance is 


Z=0 + jx, = jl000 in rectangular form (R = 0) 
Z = X,290° = 100290° 0 in polar form 


The impedance equals the inductive reactance in this case, and the phase angle is +90° 
because the inductance causes the current to lag the voltage by 90°. 
For the circuit in Figure 16—4(c), the impedance in rectangular form is 


Z=R+ jx, = 560 + jl000 
The impedance in polar form is 


% 
Z= VR + 4 Zean-t(%) 


560 


In this case, the impedance is the phasor sum of the resistance and the inductive 
reactance. The phase angle is fixed by the relative values of X,, and R. 


= V(560) + (100 0)? Ztan” (we) = 115 260.8° 0 


Related Problem” Inaseries RL circuit, R = 1.8kQ and X; = 950 ©. Express the impedance in both 
rectangular and polar forms. 


* Answers are at the end of the chapter. 


of a certain RL circuit is 150 © + j220 ©. What is the value of the 
The inductive reactance? 

circuit has a total resistance of 33 k© and an inductive reactance of 50 kQ). 
ie phasor expression for the impedance in rectangular form. Convert the 
polar form. 


16-3 ANALYSIS OF SERIES RL CIRCUITS 


In this section, Ohm’s law and Kirchhoff’s voltage law are used in the analysis of 
series RL circuits to determine voltage, current, and impedance. Also, RL lead and lag 
circuits are examined. 


After completing this section, you should be able to 
¢ Analyze a series RE circuit 
¢ Apply Ohm’s law and Kirchhoff’s voltage law to series RL circuits 
¢ Express the voltages and current as phasor quantities 
¢ Show how impedance and phase angle vary with frequency 
¢ Discuss and analyze the RL lead circuit 


¢ Discuss and analyze the RL lag circuit 


682 @¢ RL Circuits 


Ohm’s Law 


The application of Ohm’s law to series RL circuits involves the use of the phasor quantities 
of Z, V, and I. The three equivalent forms of Ohm’s law were stated in Chapter 15 for RC 
circuits. They apply also to RL circuits and are restated here: 


V y 
I 


Recall that since Ohm’s law calculations involve multiplication and division operations, 
you should express the voltage, current, and impedance in polar form. 


EXAMPLE 16-2 The current in Figure 16—5 is expressed in polar form as I = 0.2 20° mA. Determine 
the source voltage expressed in polar form, and draw a phasor diagram showing the 
relationship between the source voltage and the current. 


10kO, 100 mH 


1=0.220° mA 


Solution The magnitude of the inductive reactance is 
X, = 2afL = 27(10kHz)(100 mH) = 6.28kO 
The impedance in rectangular form is 
Z=R + jx, = 10kO + j6.28kO 


Converting to polar form yields 
x, 
Z=VR + X}Z10n-1(%) 


6.28 kO 
10kO 


= V10k)? + (6.28 KO? Ztan{ 


FIGURE 16-5 
) = 11.8 232.1° kO 


Use Ohm ’s law to determine the source voltage. 
V, = 1Z = (0.2 20° mA)(11.8 232.1°kO.) = 2.36.232.1° V 


The magnitude of the source voltage is 2.36 V at an angle of 32.1° with respect to the 
current; that is, the voltage leads the current by 32.1°, as shown in the phasor diagram 
of Figure 16-6. 


FIGURE 16-6 
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pe in Figure 16—5 were 50° V, what would be the current 
orm? 


6-02 to verify the calculated results in this example and to 
tion for the related problem. 


Phase Relationships of Current and Voltages 


In a series RL circuit, the current is the same through both the resistor and the inductor. 
Thus, the resistor voltage is in phase with the current, and the inductor voltage leads the 
current by 90°. Therefore, there is a phase difference of 90° between the resistor voltage, 
Vp, and the inductor voltage, V;, as shown in the waveform diagram of Figure 16-7. 


<4 FIGURE 16-7 


Phase relation of voltages and 


T lags V; by 90°. current in a series RL circuit. 


Vp and J are in phase. 
Amplitudes are arbitrary. 


From Kirchhoff’s voltage law, the sum of the voltage drops must equal the applied volt- 
age. However, since Vp and V; are not in phase with each other, they must be added as pha- 
sor quantities with V; leading Vp by 90°, as shown in Figure 16—8(a). As shown in part (b), 
V, is the phasor sum of Vp and V;. 
Vi, = Ve + jVi Equation 16-3 
This equation can be expressed in polar form as 


V, 
V¥.= VVe + Ve Zten (<4) Equation 16-4 


Vr 


where the magnitude of the source voltage is 
B=Vesy 


and the phase angle between the resistor voltage and the source voltage is 


V; 
6 = tan | (4) 
Vr 


V, = V. <j FIGURE 16-8 


Voltage phasor diagram for a series 
RL circuit. 


(b) 
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4 FIGURE 16-9 
Voltage and current phasor diagram 
for the waveforms in Figure 16—7. 


Since the resistor voltage and the current are in phase, @ is also the phase angle between 
the source voltage and the current. Figure 16-9 shows a voltage and current phasor diagram 
that represents the waveform diagram of Figure 16-7. 


Variation of Impedance and Phase Angle with Frequency 


The impedance triangle is useful in visualizing how the frequency of the applied voltage af- 
fects the RL circuit response. As you know, inductive reactance varies directly with frequency 
When X;, increases, the magnitude of the total impedance also increases; and when X;, de- 
creases, the magnitude of the total impedance decreases. Thus, Z is directly dependent on fre- 
quency. The phase angle @ also varies directly with frequency because @ = tan '(X,/R). As 
X_ increases with frequency, so does 6, and vice versa. 

The impedance triangle is used in Figure 16-10 to illustrate the variations in X;, Z, and 
6 as the frequency changes. Of course, R remains constant. The main point is that because 
X_, varies directly with the frequency, so also do the magnitude of the total impedance and 
the phase angle. Example 16-3 illustrates this. 


» FIGURE 16-10 Increasing f 
As the frequency increases, X; in- fy 
creases, Z increases, and 6 increases. 
Each value of frequency can be visu- 
alized as forming a different imped- 

; hr 
ance triangle. 

fi 


‘igure 16—11, determine the magnitude of the total imped- 
ach of the following frequencies: 


(c) 30 kHz 


- 1.26kO 
(1.26 kO)? Ztan“'{ ————— ) = 1. ° 
val ) (22) 1.61251.6°kO 


= 51.6°. 
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2.51kO 


= 2.10 468.3°kO) 
1.0kQ ) alias 


kO)? + (2.51 KG? Zian( 


)kHz)(20 mH) = 3.77kO 
3.77kO 


2 (7 2 =| 
+ (3.77kO)? Ztan ( EE 


) = 3.90 275.1° kO 


0k. and @ = 75.1°. 


The RL Lead Circuit 


An RL lead circuit is a phase shift circuit in which the output voltage leads the input 
voltage by a specified amount. Figure 16—12(a) shows a series RL circuit with the output 
voltage taken across the inductor. Note that in the RC lead circuit, the output was taken 
across the resistor. The source voltage is the input, V;,. As you know, @ is the angle be- 
tween the current and the input voltage; it is also the angle between the resistor voltage 
and the input voltage because Vp and / are in phase. 


<4 FIGURE 16-12 
The RL lead circuit (Vo, = V;). 


Vi Vout) Vv 


Vp 
(a) A basic RL lead circuit (b) Phasor voltage diagram (c) Input and output voltage 
showing V,,,, leading V;,, waveforms 


Since V; leads Vp by 90°, the phase angle between the inductor voltage and the input 
voltage is the difference between 90° and @, as shown in Figure 16—12(b). The inductor 
voltage is the output; it leads the input, thus creating a basic lead circuit. 

The input and output voltage waveforms of the lead circuit are shown in Figure 
16—12(c). The amount of phase difference, designated , between the input and the output 
is dependent on the relative values of the inductive reactance and the resistance, as is the 
magnitude of the output voltage. 


Phase Difference Between Input and Output The angle between V,,,; and V;, is des- 
ignated ¢ (phi) and is developed as follows. The polar expressions for the input voltage and 
the current are V;, 70° and J Z —8, respectively. The output voltage in polar form is 


Vout = Ce4 —O)(X, 290°) = IX, Z(90° — 0) 
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This expression shows that the output voltage is at an angle of 90° — @ with respect to the 
input voltage Since @ = tan '(X,/R), the angle @ between the input and output is 


XL 
= 90° — (2) 
¢ tan | 
Equivalently, this angle can be expressed as 
Equation 16-5 a= ar(*) 


The angle ¢@ between the output and input is always positive, indicating that the output volt- 
age leads the input voltage, as indicated in Figure 16-13. 


> FIGURE 16-13 Vv 


out 


in 


n input to output in each lead circuit in Fig- 


= 71.6° 


the inductive reactance. 


to verify the calculated results in this 
r the related problem 


j 
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Magnitude of the Output Voltage To evaluate the output voltage in terms of its mag- 
nitude, visualize the RL lead circuit as a voltage divider. A portion of the total input voltage 
is dropped across the resistor and a portion across the inductor. Because the output voltage 
is the voltage across the inductor, it can be calculated using either Ohm’s law (V,,,, = [X;) 
or the voltage-divider formula. 


Xr 4 
Vout = (eel Equation 16-6 


The phasor expression for the output voltage of an RL lead circuit is 


Vou = VouZ¢ 
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EXAMPLE 16-5 For the lead circuit in Figure 16-14(b) (Example 16-4), determine the output voltage 
in phasor form when the input voltage has an rms value of 5 V. Draw the input and 
output voltage waveforms showing their peak values. The inductive reactance X;, 
(314 Q) and ¢ (65.2°) were found in Example 16—4. 


Solution The output voltage in phasor form is 


X 
Tie Veal? = aie 
( 3140, 
V (680 9)? + (314.9) 
The peak values of voltage are 
Ving) = 1-414Vingmsy = 1.41465 V) = 7.07 V 
Vounpy = 1.414 Vous — 1.414(2.10 V) = 2.97 V 


)s 265.2°V = 2.10265.2° V 


The waveforms with their peak values are shown in Figure 16-15. Notice that the 
output voltage leads the input voltage by 65.2°. 


FIGURE 16-15 


Related Problem na lead circuit, does the output voltage increase or decrease when the frequency 
increases? 


“7 Use Multisim file E16-05 to verify the calculated results in this example and to 
confirm your calculation for the related problem. 


The RL Lag Circuit 


An RL lag circuit is a phase shift circuit in which the output voltage lags the input voltage 
by a specified amount. When the output of a series RL circuit is taken across the resistor 
rather than the inductor, as shown in Figure 16—16(a), it becomes a lag circuit. 
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(a) A basic RL lag circuit 


Equation 16-7 


} 
V in 


” 


\ ¢ (phase lag) 
\ 


out 


(b) Phasor voltage diagram (c) Input and output waveforms 
showing phase lag between 
V;, and Vou, 


A FIGURE 16-16 
The RL lag circuit (Voy, = Vp). 


Phase Difference Between Input and Output In a series RL circuit, the current lags 
the input voltage. Since the output voltage is taken across the resistor, the output lags the 
input, as indicated by the phasor diagram in Figure 16—16(b). The waveforms are shown in 
Figure 16—16(c). 

As in the lead circuit, the amount of phase difference between the input and output and 
the magnitude of the output voltage in the lag circuit are dependent on the relative values 
of the resistance and the inductive reactance. When the input voltage is assigned a reference 
angle of 0°, the angle of the output voltage (¢) with respect to the input voltage equals @ 
because the resistor voltage (output) and the current are in phase with each other. The 
expression for the angle between the input voltage and the output voltage is 


This angle is negative because the output lags the input. 


° for each circuit in Figure 16-17. 


(b) 
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For the lag circuit in Figure 16—-17(b), first determine the inductive reactance. 
X, = 2nfl = 27(1 kHz)(100 mH) = 628 


xX 
1S -wan-"( 4) = tan o) = —32.1° 


The output lags the input by 32.1°. 


Related Problem na certain lag circuit, R = 5.6kQ, and X; = 3.5k©.. Determine the phase angle. 


= Use Multisim files E16-06A and E16-06B to verify the calculated results in this exam- 
~~ ple and to confirm your calculation for the related problem. 


Magnitude of the Output Voltage Since the output voltage of an RL lag circuit is taken 
across the resistor, the magnitude can be calculated using either Ohm’s law (V,,; = IR) or 
the voltage-divider formula. 


R = 
Vou = ( Re a %} VV Equation 16-8 
The expression for the output voltage in phasor form is 


Vou = Vou Zo 


EXAMPLE 16-7 The input voltage in Figure 16—-17(b) (Example 16-6) has an rms value of 10 V. Deter- 
mine the phasor expression for the output voltage. Draw the waveform relationships 
for the input and output voltages. The phase angle (—32.1°) and X; (628 ©) were 
found in Example 16-6. 


Solution The phasor expression for the output voltage is 


R 
Vout = VouZ = (a veo 
L 
:. Gas 
1181 0 


jioz —32.1° V = 8.472 —32.1° Vrms 
The waveforms are shown in Figure 16-18. 


FIGURE 16-18 


VV, = 10Vrms 


Related Problem Ina lag circuit, R = 4.7kQ and X,; = 6k. If the mms input voltage is 20 V, what is 
the output voltage? 


Use Multisim file E16-07 to verify the calculated results in this example and to 
“2 confirm your calculation for the related problem. 
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circuit, Vp = 2 V and V, = 3 V. What is the magnitude of the 


t is the phase angle between the source voltage and the current? 
the applied voltage in a series RL circuit is increased, what hap- 
reactance? What happens to the magnitude of the total imped- 
the phase angle? 
it consists of a 3.3 kO resistor and a 15 mH inductor. Determine 
input and output at a frequency of 5 kHz. 
the same component values as the lead circuit in Question 4. 
f the output voltage at 5 kHz when the input is 10 V rms? 


Coverage of series reactive circuits continues in Chapter 17, Part 1, on page 727. 


16—4 IMPEDANCE AND ADMITTANCE OF PARALLEL RL CIRCUITS 


In this section, you will learn how to determine the impedance and phase angle of a 
parallel RL circuit. The impedance consists of a magnitude component and a phase 
angle component. Also, inductive susceptance and admittance of a parallel RL circuit 
are introduced. 


After completing this section, you should be able to 
¢ Determine impedance and admittance in a parallel RL circuit 


¢ Express total impedance in complex form 


Figure 16-19 shows a basic parallel RL circuit connected to an ac voltage source 


» FIGURE 16-19 
Parallel RL circuit. 


The expression for the total impedance of a two-component parallel! RL circuit is devel- 
oped as follows, using the product-over-sum rule 


(RZ0°(X, 290°) RX, Z(O° + 90°) 


R+jx x 
= VR + 8 Z1an-1( *4) 


sees =r) 


Equivalently, this equation can be expressed as 


Z= ( alae ) Zan *) Equation 16-9 
i ————— =e uation — 
VR? + X? Xr 2 
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Equation 16-10 


16-20, determine the magnitude and phase angle of the total 


the voltage lags the current. 


) and a = 14k. Determine the total impedance in 


-_ 


Conductance, Susceptance, and Admittance 


As you know from the previous chapter, conductance (G) is the reciprocal of resistance, sus- 
ceptance (B) is the reciprocal of reactance, and admittance (Y) is the reciprocal of impedance. 
For parallel RL circuits, the phasor expression for inductive susceptance (B,) is 


1 


ee 
X,Z90° 


= B, Z—90° = —jB, 


and the phasor expression for admittance is 


ZZ+6 ae 


In the basic parallel RL circuit shown in Figure 16-21, the total admittance is the phasor 
sum of the conductance and the inductive susceptance. 


As with the RC circuit, the unit for conductance (G), inductive susceptance (B,), and 
admittance (Y) is the siemens (S). 
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Y¥ =VG +B; 
G 
C 
i} 
| 
if 
| 
Vv, ! 
{ 
i 
! 
! 
B, ! 
i ee eee ' 
(a) (b) 
FIGURE 16-21 
Admittance in a parallel RL circuit. 
EXAMPLE 16-9 Determine the total admittance and then convert it to total impedance in Figure 16-22. 


Draw the admittance phasor diagram. 


FIGURE 16-22 


L 
100 mH 


Solution First, determine the conductance magnitude. R = 330 (); thus, 


Then, determine the inductive reactance. 
X,, = 27fL = 27(1000 Hz)(100 mH) = 628 
The inductive susceptance magnitude is 


1 1 
B, = — = ——— = 1.59 mS 
ax 6280 * 


The total admittance is 
Yior = G — JB, = 3.03 mS — 71.59mS 


which can be expressed in polar form as 
B 
Yer = VE # BE Z—tan-1( 74) 
1.59 mS 
= V (3.03 mS) + (1.59 mS)?Z -ran-( ae ) = 3.42 £—-27.7° mS 


3.03 mS 


The admittance phasor diagram is shown in Figure 16-23. 
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FIGURE 16-23 
G = 3.03 mS 


Seg 
B, = 1.59 mS Y = 342 mS 


Convert total admittance to total impedance as follows: 


1 1 


= = 292 227.7° O 
Mews BET rats) 


Lior = 


The positive phase angle indicates that the voltage leads the current. 


Related Problem What is the total admittance of the circuit in Figure 16-22 if fis increased to 2 kHz? 


t is the value of the magnitude of the admittance Y? 
el RL circuit, R = 47 © and X, = 75  .Determine Y. 
‘ion 2, does the total current lead or lag the applied voltage? By 


16-5 ANALYSIS OF PARALLEL RL CIRCUITS 


Ohm’s law and Kirchhoff’s current law are used in the analysis of RL circuits. Current 
and voltage relationships in a parallel RL circuit are examined. 


After completing this section, you should be able to 
« Analyze a parallel RL circuit 
« Apply Ohm’s law and Kirchhoff’s current law to parallel RL circuits 


e Express the voltages and currents as phasor quantities 


The following example applies Ohm’s law to the analysis of a parallel RL circuit 


EXAMPLE 16-10 Determine the total current and the phase angle in the circuit of Figure 16-24. Draw a 
phasor diagram showing the relationship of V, and Ijo;. 


FIGURE 16-24 
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Solution The inductive reactance is 
X, = 2nfl = 2a(1.5kHz)(150 mH) = 1.41kO 


The inductive susceptance magnitude is 


1 1 
By = > = > = 709 pS 
Pe 14ikf ue 
The conductance magnitude is 
a = 455 pS 
R 22k0 _ 


The total admittance is 
Converting to polar form yields 
B 
Yur = VOP# BE Z—wan( 2) 
5) 5 _1{ 709 BS 
= V/455 ps) + (7/09' pS)" Z—tan “| ——— ] = 8422 -—57.3° pS 
455 pS 


The phase angle is —57.3°. 
Use Ohm’s law to determine the total current. 


Lior = Vs¥ ror = (10 20° V)(842. Z —57.3° wS) = 8.42 2—57.3° mA 


The magnitude of the total current is 8.42 mA, and it lags the applied voltage by 
57.3°, as indicated by the negative angle associated with it. The phasor diagram in 
Figure 16-25 shows these relationships. 


FIGURE 16-25 
V.= 10 


Li = 8.42 mA 


Related Problem Determine the current in polar form if fis reduced to 800 Hz in Figure 16-24. 


Use Multisim file E16-10 to verify the calculated results in this example and to 
confirm your calculation for the related problem. 


Phase Relationships of Currents and Voltages 


Figure 16—26(a) shows all the currents in a basic parallel RL circuit. The total current, /,,;, 
divides at the junction into the two branch currents, /p and I;. The applied voltage, V,, ap- 
pears across both the resistive and the inductive branches, so V,, Vp, and V, are all in phase 
and of the same magnitude. 

The current through the resistor is in phase with the voltage. The current through the 
inductor lags the voltage and the resistor current by 90°. By Kirchhoff’s current law, the 
total current is the phasor sum of the two branch currents, as shown by the phasor diagram 
in Figure 16—26(b). The total current is expressed as 


Dae te fe. Equation 16-11 
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Equation 16-12 


tot 


» FIGURE 16-26 


Currents in a parallel RL circuit. The current directions shown in part (a) are instantaneous and, of 
course, reverse when the source voltage reverses during each cycle. 


This equation can be expressed in polar form as 
I 
lor = VR + BL -wan'(%) 
R 
where the magnitude of the total current is 


Lior = Vik + I 


and the phase angle between the resistor current and the total current is 


6= -tan'(£) 
Ip 


Since the resistor current and the applied voltage are in phase, @ also represents the 
phase angle between the total current and the applied voltage. Figure 16-27 shows a com- 
plete current and voltage phasor diagram. 


» FIGURE 16-27 


Current and voltage phasor diagram 
for a parallel RL circuit (amplitudes 
are arbitrary). 


V,. Vp. V; 
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Solution The resistor current, the inductor current, and the total current are expressed as follows: 


e545 70° mA 
R  220Z0° 

Dye 1220°V 

~ X,  -150290°.0 


Lot = Ip ed i = MSV = jB0mA 


I, = 802 —90° mA 


Converting I,,, to polar form yields 


1 
lor = VIR + #Z—wan-'( 74) 


IR 


80mA 


ae) = 96.8 7 —55.7° mA 


= V(54.5 mA)” + (80mA)?Z -anr( 
As the results show, the resistor current is 54.5 mA and is in phase with the applied 
voltage. The inductor current is 80 mA and lags the applied voltage by 90°. The total 
current is 96.8 mA and lags the voltage by 55.7°. The phasor diagram in Figure 16-29 
shows these relationships. 


FIGURE 16-29 


-55.7° 


Top = 96.8 mA 
I, = 80mA al a 


Related Problem Find the magnitude of I,,, and the circuit phase angle if X; = 300 in Figure 16-28. 


n RL circuit is 4 mS, and the applied voltage is 8 V. What is the 


¢L circuit, the resistor current is 12 mA, and the inductor current 
he magnitude and phase angle of the total current. This phase 
respect to what? 


angle between the inductor current and the applied voltage in a 


Option 2 NOTE 


Coverage of series reactive circuits continues in Chapter 17, Part 2, on page 740. 
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16-6 ANALYSIS OF SERIES-PARALLEL RL CirRCuIts 


The concepts studied with respect to series and parallel circuits are used to analyze 
circuits with combinations of both series and parallel R and L components. 


After completing this section, you should be able to 
e Analyze series-parallel RL circuits 
+ Determine total impedance 


e Calculate currents and voltages 


Recall from Section 15—1 that the impedance of series components is most easily ex- 
pressed in rectangular form and that the impedance of parallel components is best found by 
using polar form. The steps for analyzing a Circuit with a series and a parallel component are 
illustrated in Example 16-12. First express the impedance of the series part of the circuit in 
rectangular form and the impedance of the parallel part in polar form. Next, convert the im- 
pedance of the parallel part to rectangular form and add it to the impedance of the series part. 
Once you determine the rectangular form of the total impedance, you can convert it to polar 
form in order to see the magnitude and phase angle and to calculate the current. 


EXAMPLE 16-12 In the circuit of Figure 16-30, determine the following values: 


(a) Lior (b) Tor (c) 4 


FIGURE 16~30 
Z, 


Ri L, Z, 


Solution (a) First, calculate the magnitudes of inductive reactance. 


Xp) = 2nfL, = 227(500kHz)(2.5 mH) = 7.85kO 
Xp2 = 2nfly = 27(500 kHz)(ImH) = 3.14kO 
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One approach is to find the impedance of the series portion and the impedance of 
the parallel portion and combine them to get the total impedance. The impedance 
of the series combination of R, and L, is 


Zi = R, + jXy = 4.7kO + 77.85 kO 


To determine the impedance of the parallel portion, first determine the admittance 
of the parallel combination of R> and L>. 
1 1 
Rp 3.3k0 
1 
= = 318 
Xy =3.14k0 a 
Y> = Gp — jBy = 303 wS — 7318 pS 


Go = = 303 ps 


Bio 


Converting to polar form yields 
B 
Yo = VG + Bi, Z—av"!(22) 
2 
5 5 _1( 318 wS 
= V (303 uwS)* + (318 wS)* Z—tan = 439 Z—46.4° nS 


303 pS 


Then, the impedance of the parallel portion is 


1 1 


a = 9.78 746.4°kKN. 
Y, 4392-46.4° nS 


Zy = 


Converting to rectangular form yields 
Zy = Zocos@ + jZpsin0 
= (2.28 kD)cos(46.4°) + j(2.28 kO)sin(46.4°) = 1.57kO + 71.65 kO 


The series portion and the parallel portion are in series with each other. Combine 
Z, and Z, to get the total impedance. 


Lior = Z, + Zp 
= (4.7k0 + j7.85kQ) + (1.57kO + 71.65 kO) = 6.27kO + 79.50kO 
Expressing Z,,; in polar form yields 


Zz 
Lie = VB + B Ln (22) 


1 


9.50k0 
= V(6.27k)* + SOKO Zran-( ) = 11.4256.6°kO 


6.27kO, 


(b) Use Ohm’s law to find the total current. 


Vv 10Z0°V 
LL. ==> = = 8777—56.6° pA 
Ot Zio 1142 56.6°kKO is 


(c) The total current lags the applied voltage by 56.6°. 


Related Problem (a) Determine the voltage across the series part of the circuit in Figure 16-30. 
(b) Determine the voltage across the parallel part of the circuit in Figure 16-30. 


| Use Multisim file E16-12 to verify the calculated results in the (b) part of this example 
and to confirm your calculation for the related problem, part (b). 
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Example 16—13 shows two sets of series components in parallel. The approach is to first 
express each branch impedance in rectangular form and then convert each of these imped- 
ances to polar form. Next, calculate each branch current using polar notation. Once you 
know the branch currents, you can find the total current by adding the two branch currents 
in rectangular form. In this particular case, the total impedance is not required. 


EXAMPLE 16-13 Determine the voltage across each component in Figure 16-31. Draw a voltage phasor 
diagram and a current phasor diagram. 


FIGURE 16-31 


Solution First, calculate X;, and Xj. 
Xp = 2afly = 27(2 MHz)(50 wH) = 628 © 
Xr2 = 27fly = 27(2 MHz)(100 wH) = 1.26k0 
Next, determine the impedance of each branch. 
Z, = Ry + fXp, = 3300 + 7628 O 
Zz = Rz + jXp2 = 1.0k0, + j1.26k0 


Convert these impedances to polar form. 
TE X 
Z, = Ri ar Xf Ztan-#( 2H) 
1 

628 0 
= V(330.0)? + 628.0)" (BS 
(330 QO)” + (628 O)° Ztan 3300 
X 
Zi, = V R3 ok Xp cean'(72) 
2 


) = 709 262.3° © 


1.26kQ 
10k0 


= V.0kO) + (1.26K0) Ztan"t( 


) = 1.61251.6°kO 


Calculate each branch current. 


L= Sy EAU 14.12 —62.3° mA 
1 7%, 709262.3°0 a 
¥,  10z0°v 


Z,  1.61251.6°kO 


Lb = = 6.212-51.6°mA 


Now, use Ohm’s law to get the voltage across each element. 


Vai = IR, = (14.12 —62.3° mA)(330 20° O) = 4.652—62.3° V 
Vin = Xp = (14.1.2—62.3° mA)(628 290° OD) = 8.85.227.7° V 
Vo = Ro = (6.21 Z—51.6° mA) Z0°kQ) = 6.212 —51.6° V 
Vio = Xp = (6.21.2 —51.6° mA)(1.26 290° kQ) = 7.8238.4° V 
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V, = 100° V 


V, =1020° V 


im file E16-13 to verify the calculated results in this example and to 
culation for the related problem. 


ircuit in Figure 16-31? 


the circuit in Figure 16-31. 


Option 2 NOTE 


Coverage of series-parallel reactive circuits continues in Chapter 17, Part 3, on 
page 749. 
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16-7 Power IN RL Circuits 


In a purely resistive ac circuit, all of the energy delivered by the source is dissipated in 
the form of heat by the resistance. In a purely inductive ac circuit, all of the energy de- 
livered by the source is stored by the inductor in its magnetic field during a portion of 
the voltage cycle and then returned to the source during another portion of the cycle so 
that there is no net energy conversion to heat. When there is both resistance and induc- 
tance, some of the energy is alternately stored and returned by the inductance and some 
is dissipated by the resistance. The amount of energy converted to heat is determined by 
the relative values of the resistance and the inductive reactance. 


After completing this section, you should be able to 


¢ Determine power in RL circuits 


Equation 16-13 


When the resistance in a series RL circuit is greater than the inductive reactance, more 
of the total energy delivered by the source is converted to heat by the resistance than is 
stored by the inductor. Likewise, when the reactance is greater than the resistance, more of 
the total energy is stored and returned than is converted to heat. 

As you know, the power dissipation in a resistance is called the true power. The power 
in an inductor is reactive power and is expressed as 


Po = PX; 


The Power Triangle for RL Circuits 


The generalized power triangle for a series RL circuit is shown in Figure 16-34. The 
apparent power, P,. is the resultant of the average power, Pye, and the reactive power, P,. 


w FIGURE 16-34 


Power triangle for an RL circuit. 


P, (reactive) 
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Recall that the power factor equals the cosine of 6 (PF = cos 6). As the phase angle be- 
tween the applied voltage and the total current increases, the power factor decreases, indi- 
cating an increasingly reactive circuit. A smaller power factor indicates less true power and 
more reactive power. 


EXAMPLE 16-14 Determine the power factor, the true power, the reactive power, and the apparent power 
in the circuit in Figure 16-35. 


FIGURE 16-35 
R Xp 


Ss 
10V 


Solution The total impedance of the circuit in rectangular form is 
Z=R + jx, = 1.0k0 + j2kO 


Converting to polar form yields 
x, 
Z = VR + X}Ztan (2%) 
= V(1.0k0)? + @KOY Lean sh ) = 2.24263.4°kO 


1.0kOQ 


The current magnitude is 


Ve 10V | 
= = -___— = 4.46mA | 
Zz zuin ** | 


l= 
The phase angle, indicated in the expression for Z, is 
6 = 63.4° 
The power factor is, therefore, 
PF = cos@ = cos(63.4°) = 0.448 
The true power is 
Prue = V,f cos @ = (10 V)(4.46 mA)(0.448) = 20 mW 
The reactive power is 
P, = PX, = (4.46mA)*(2kQ) = 39.8mVAR 
The apparent power is 


P, = PZ = (4.46 mA)°(2.24kQ) = 44.6mVA 


Related Problem If the frequency in Figure 16-35 is increased, what happens to Pie, P,, and Pz? 


Significance of the Power Factor 


As you learned in Chapter 15, the power factor (PF) is important in determining how 
much useful power (true power) is transferred to a load. The highest power factor is 1, 
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which indicates that all of the current to a load is in phase with the voltage (resistive). When 
the power factor is 0, all of the current to a load is 90° out of phase with the voltage (reactive). 

Generally, a power factor as close to 1 as possible is desirable because then most of the 
power transferred from the source to the load is the useful or true power. True power goes 
only one way—from source to load—and performs work on the load in terms of energy 
dissipation. Reactive power simply goes back and forth between the source and the load 
with no net work being done. Energy must be used in order for work to be done. 

Many practical loads have inductance as a result of their particular function, and it is es- 
sential for their proper operation. Examples are transformers, electric motors, and speakers, 
to name a few. Therefore, inductive (and capacitive) loads are important considerations. 

To see the effect of the power factor on system requirements, refer to Figure 16-36. This 
figure shows a representation of a typical inductive load consisting effectively of inductance 
and resistance in parallel. Part (a) shows a load with a relatively low power factor (0.75), and 
part (b) shows a load with a relatively high power factor (0.95). Both loads dissipate equal 
amounts of power as indicated by the wattmeters. Thus, an equal amount of work is done on 
both loads. 


Total current 


True power (watts) 


PF =0.75 ee 


(a) A lower power factor means more total current for a given (b) A higher power factor means less total current for a given 


power dissipation (watts). A larger source VA rating is 


power dissipation A smaller source can deliver the same true 


required to deliver the true power (watts). power (watts). 


& FIGURE 16-36 


Illustration of the effect of the power factor on system requirements such as source rating (VA) and 
conductor size. 


Although both loads are equivalent in terms of the amount of work done (true power), 
the low power factor load in Figure 16—36(a) draws more current from the source than does 
the high power factor load in Figure 16—36(b), as indicated by the ammeters. Therefore, the 
source in part (a) must have a higher VA rating than the one in part (b). Also, the lines con- 
necting the source to the load in part (a) must be a larger wire gauge than those in part (b), 
a condition that becomes significant when very long transmission lines are required, such 
as in power distribution. 

Figure 16—36 has demonstrated that a higher power factor is an advantage in delivering 
power more efficiently to a load. 


Power Factor Correction 


The power factor of an inductive load can be increased by the addition of a capacitor in 
parallel, as shown in Figure 16-37. The capacitor compensates for the phase lag of the to- 
tal current by creating a capacitive component of current that is 180° out of phase with the 
inductive component. This has a canceling effect and reduces the phase angle (and power 
factor) as well as the total current, as illustrated in the figure. 
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I, 
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I ee reactive ! 
8 é current 
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Vi, Io<l, 
(a) Total current is the resultant of Jp and /,. (b) Zc subtracts from J;, leaving only a small reactive current, thus decreasing 


Io, and the phase angle. 


» FIGURE 16-37 


Example of how the power factor can be increased by the addition of a compensating capacitor. 


1. To which component in an RL circuit is the power dissipation due? 
2. Calculate the power factor when @ = 50°. 


3. A certain RL circuit consists of a 470 © resistor and an inductive reactance of 620 0. 
at the operating frequency. Determine Pty4., P,, and P, when! = 100 mA. 


16-8 Basic APPLICATIONS 


Two applications of RL circuits are covered in this section. The first application is a 
basic frequency selective (filter) circuit. The second application is the switching regu- 
lator, a widely used circuit in power supplies because of its high efficiency. The 
switching regulator uses other components, but the RL circuit is emphasized. 


After completing this section, you should be able to 
¢ Describe two examples of RL circuit applications 
¢ Discuss how the RL circuit operates as a filter 


¢ Discuss the advantage of an inductor in a switching regulator 


The RL Circuit as a Filter 


As with RC circuits, series RL circuits also exhibit a frequency-selective characteristic and 
therefore act as basic filters. 


Low-Pass Filter You have seen what happens to the output magnitude and phase angle in 
a lag circuit. In terms of the filtering action, the variation of the magnitude of the output 
voltage as a function of frequency is important. 

Figure 16-38 shows the filtering action of a series RL circuit using specific values for 
purposes of illustration. In part (a) of the figure, the input is zero frequency (dc). Since the 
inductor ideally acts as a short to constant direct current, the output voltage equals the full 
value of the input voltage (neglecting the winding resistance). Therefore, the circuit passes 
all of the input voltage to the output (10 V in, 10 V out). 

In Figure 16—38(b), the frequency of the input voltage has been increased to 1 kHz, 
causing the inductive reactance to increase to 62.83 (.. For an input voltage of 10 V rms, 
the output voltage is approximately 8.47 V rms, which can be calculated using the voltage- 
divider approach or Ohm’s law. 
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10 V de 
0 


(a) 


10 V rms 


(b) 


10 V rms 


(c) 


10 Vrms 


(d) 


0 
X, = 62.830 
v0 O 
Oi gis 
O 
X, = 628.30 
ro 
10 mH 
f= 10kHz [1000 FAVAVAVAVAVAVAVAVAV: 
X, = 1256.60 
Win Oo 
~) 100 0 a VAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVATAV AY 


» FIGURE 16-38 
Low-pass filtering action of an RL circuit (phase shift from input to output is not indicated). 


In Figure 16—38(c), the input frequency has been increased to 10 kHz, causing the in- 
ductive reactance to increase further to 628.3 0.. For a constant input voltage of 10 V rms, 
the output voltage is now 1.57 V rms. 

As the input frequency is increased further, the output voltage continues to decrease and 
approaches zero as the frequency becomes very high, as shown in Figure 16-38(d) for 
f = 20kHz. 

A description of the circuit action is as follows: As the frequency of the input increases, 
the inductive reactance increases. Because the resistance is constant and the inductive re- 
actance increases, the voltage across the inductor increases and that across the resistor (out- 
put voltage) decreases. The input frequency can be increased until it reaches a value at 
which the reactance is so large compared to the resistance that the output voltage can be 
neglected because it becomes very small compared to the input voltage. 

As shown in Figure 16-38, the circuit passes de (zero frequency) completely. As the fre- 
quency of the input increases, less of the input voltage is passed through to the output. That 
is, the output voltage decreases as the frequency increases. It is apparent that the lower fre- 
quencies pass through the circuit much better than the higher frequencies. This RL circuit 
is therefore a basic form of low-pass filter. 

Figure 16-39 shows a response curve for a low-pass filter. 


High-Pass Filter Figure 16—40 illustrates high-pass filtering action, where the output is 
taken across the inductor. When the input voltage is dc (zero frequency) in part (a), the out- 
put is zero volts because the inductor ideally appears as a short across the output. 
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V @ FIGURE 16-39 


Low-pass filter response curve 


In Figure 16—40(b), the frequency of the input signal has been increased to 100 Hz with 
an rms value of 10 V. The output voltage is 0.63 V rms. Thus, only a small percentage of 
the input voltage appears at the output at this frequency. 

In Figure 16—-40(c), the input frequency is increased further to | kHz, causing more volt- 
age to be developed as a result of the increase in the inductive reactance. The output voltage 
at this frequency is 5.32 V rms. As you can see, the output voltage increases as the frequency 
increases. A value of frequency is reached at which the reactance is very large compared to 
the resistance and most of the input voltage appears across the inductor, as shown in Figure 
16—40(d). 

This circuit tends to prevent lower frequency signals from appearing on the output but 
permits higher frequency signals to pass through from input to output; thus, it is a basic 
form of high-pass filter. 


in 


10 V de 
0 


(a) 


10 V rms 


C= YY 
10 mH cere 


(b) 


10 V rms 


xX, = 62839 AANNNNA/ 
10 mH VUVVV VV VV 


(c) 


10 V rms 


(d) 


» FIGURE 16-40 


High-pass filtering action of an RL circuit (phase shift from input to output is not indicated) 


708 ¢ RL Circuits 


» FIGURE 16-42 


Switching regulator block diagram. 


The response curve in Figure 16-41 shows that the output voltage increases and then 
levels off as it approaches the value of the input voltage as the frequency increases. 


» FIGURE 16-41 


High-pass filter response curve. 


The Switching Regulator 


In high-frequency switching power supplies, small inductors are used as an essential part of the 
filter section. A switching power supply is much more efficient at converting ac to dc than any 
other type of supply. For this reason it is widely used in computers and other electronic sys- 
tems. A switching regulator precisely controls the dc voltage. One type of switching regulator 
is shown in Figure 16-42. It uses an electronic switch to change unregulated dc to high- 
frequency pulses. The output is the average value of the pulses. The pulse width is controlled 
by the pulse width modulator, which rapidly turns on and off a transistor switch and then is fil- 
tered by the filter section to produce regulated de. (Ripple in the figure is exaggerated to show 
the cycle.) The pulse width modulator can increase pulse width if the output drops, or decrease 
it if the output rises, thus maintaining a constant average output for varying conditions. 


Transistor Filter section 
switch 


Open I LI LI 1 Vout 
Unregulated dc pe se 


Reference 
if 


Figure 16-43 illustrates the basic filtering action. The filter consists of a diode, an in- 
ductor, and a capacitor. The diode is a one-way device for current that you will study in a 
devices course. In this application the diode acts as an on-off switch that allows current in 
only one direction. 

An important component of the filter section is the inductor, which in this type of regu- 
lator will always have current in it. The average voltage and the load resistor determine the 
amount of current. Recall that Lenz’s law states that an induced voltage is created across a 
coil that opposes a change in current. When the transistor switch is closed, the pulse is high 
and current is passed through the inductor and on to the load, as shown in Figure 16—43(a). 
The diode is off at this time. Notice that the inductor has an induced voltage across it that 
opposes a change in current. When the pulse goes low, as in Figure 16—43(b), the transistor 
is off and the inductor develops a voltage in the opposite direction than before. The diode 
acts as a Closed switch, which provides a path for current. This action tends to keep the load 
current constant. The capacitor adds to this smoothing action by charging and discharging 
a small amount during the process. 


Feedback 
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Transistor Filter section 
switch 
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fea: OUT 
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Feedback 
(a) Pulse high 
Transistor Filter section 
switch 
car ILI Lee PELE Voor 
Unregulated de = pnw 


(b) Pulse low 


4 FIGURE 16-43 
Switching regulator action. 


s used as a low-pass filter, across which component is the output 


intage of a switching regulator? 
ulse width of a switching regulator if the output voltage drops? 


16-9 TROUBLESHOOTING 


Typical component failures have an effect on the frequency response of basic RL circuits. 


After completing this section, you should be able to 


¢ Troubleshoot RL circuits 
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(a) Before failure 


Effect of an Open Inductor The most common failure mode for inductors occurs when 
the winding opens as a result of excessive current or a mechanical contact failure. It is easy 
to see how an open coil affects the operation of a basic series RL circuit, as shown in Figure 
16-44. Obviously, there is no current path; therefore, the resistor voltage is zero, and the 
total applied voltage appears across the inductor. If you suspect an open coil, remove one 
or both leads from the circuit and check continuity with an ohmmeter. 


® FIGURE 16-44 
Effect of an open coil. 


Effect of an Open Resistor When the resistor is open, there is no current and the inductor 
voltage is zero. The total input voltage is across the open resistor, as shown in Figure 16-45. 


» FIGURE 16-45 
Effect of an open resistor. 


Open Components in Parallel Circuits In a parallel RL circuit, an open resistor or in- 
ductor will cause the total current to decrease because the total impedance will increase. 
Obviously, the branch with the open component will have zero current. Figure 16—46 illus- 
trates these conditions. 


CA 


reas 


(b) After L opens 


4 FIGURE 16-46 


Effect of an open component in a parallel circuit with V, constant. 
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Effect of an Inductor with Shorted Windings Although a very rare occurrence, it is 
possible for some of the windings of coils to short together as a result of damaged insula- 
tion. This failure mode is much less likely than the open coil and is difficult to detect. 
Shorted windings may result in a reduction in inductance because the inductance of a coil 
is proportional to the square of the number of turns. A short between windings effectively 
reduces the number of turns, which may or may not have an adverse effect on the circuit 
depending on the number of turns that are shorted. 


Other Troubleshooting Considerations 


As you have learned, the failure of a circuit to work properly is not always the result of a 
faulty component. A loose wire, a bad contact, or a poor solder joint can cause an open cir- 
cuit. A short can be caused by a wire clipping or solder splash. Things as simple as not plug- 
ging in a power supply or a function generator happen more often than you might think. 
Wrong values in a circuit (such as an incorrect resistor value), the function generator set at the 
wrong frequency, or the wrong output connected to the circuit can cause improper operation. 

Always check to make sure that the instruments are properly connected to the circuits 
and to a power outlet. Also, look for obvious things such as a broken or loose contact, a 
connector that is not completely plugged in, or a piece of wire or a solder bridge that could 
be shorting something out 

The following example illustrates a troubleshooting approach to a circuit containing in- 
ductors and resistors using the APM (analysis, planning, and measurement) method and 
half-splitting. 


natic in Figure 16-47 has no output voltage. The 
ap moeeoard. Use your trouble- shooting skills to 


- 


shooting problem. 


‘ible causes for the circuit to have no output voltage. 


oat 


uency is so high that the inductors appear to be 
mely high compared to the resistance values. 


esistors and ground. Either a resistor could be 
hysical short. A shorted resistor is not a common fault. 


ource and the output. This would prevent current 
e to be zero. An inductor could be open, or the con- 
: to a broken or loose connecting wire or a bad proto- 


it value. A resistor could be so small that the voltage 
ould be so large that its reactance at the input 
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u decide to make some visual checks for problems such as the function 
er cord not plugged in or the frequency set at an incorrect value. Also, 

1 leads, shorted leads, as well as an incorrect resistor color code or inductor 

pf 1 be found visually. If nothing is discovered after a visual check, then 
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(b) A zero voltage at point @) indicates the fault is between point G) and the source. A reading of 10 V at point(2) shows that L, is open 


Related Problem 
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you will make voltage measurements to track down the cause of the problem. You 
decide to use a digital oscilloscope and a DMM to make the measurements using the 
half-splitting technique to more quickly isolate the fault. 


Measurement: Assume that you find that the function generator is plugged in and the 
frequency setting appears to be correct. Also, you find no visible opens or shorts dur- 
ing your visual check, and the component values are correct. 

The first step in the measurement process is to check the voltage from the source 
with the scope. Assume a 10 V rms sine wave with a frequency of 5 kHz is observed at 
the circuit input as shown in Figure 16—48(a). The correct ac voltage is present, so the 
first possible cause has been eliminated. 

Next, check for a short by disconnecting the source and placing the DMM (set on 
the ohmmeter function) across each resistor. If any resistor is shorted (unlikely), the 
meter will read zero or a very small resistance. Assuming the meter readings are okay, 
the second possible cause has been eliminated. 

Since the voltage has been “lost” somewhere between the input and the output, you 
must now look for the voltage. You reconnect the source and, using the half-splitting 
approach, measure the voltage at point G) (the middle of the circuit) with respect to 
ground. The DMM test lead is placed on the right lead of inductor L», as indicated in 
Figure 16—48(b). Assume the voltage at this point is zero. This tells you that the part 
of the circuit to the right of point @) is probably okay and the fault is in the circuit 
between point @G) and the source. 

Now, you begin tracing the circuit back toward the source looking for the voltage 
(you could also start from the source and work forward). Placing the meter test lead 
on point Q), at the left lead of inductor L, results in a reading of 8.31 V as shown in 
Figure 16-48(b). This, of course, indicates that Ly is open. Fortunately, in this case, a 
component, and not a contact on the board, is faulty. It is usually easier to replace a 
component than to repair a bad contact. 


Suppose you had measured 0 V at the left lead of Zz and 10 V at the right lead of Ly. 
What would this have indicated? 


in inductor with shorted windings on the response of a series 


'6—49, indicate whether I;o;, Vay, and Vp> increase or decrease 
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A Circuit Application 


You are given two sealed modules that | Ohmmeter Measurement of Module 1 


have been removed fs & Commauty: : Determine the arrangement of the two components and the 
cations system that is being mnodified, : values of the resistor and winding resistance for module 1 in- 
Each module has three terminals and =: dicated by the meter readings in Figure 16-50. 


is labeled as an RL filter, but no specifications are given. You are 
asked to test the modules to determine the type of filters and the AC Measurement of Module 1 


component values. 
The sealed modules have three terminals labeled IN, GND, 


# Determine the inductance value for module 1 indicated by 
the test setup in Figure 16~51. 


and OUT as shown in Figure 16—50. You will apply your knowl- 
edge of series RL circuits and some basic measurements to deter- 
mine the internal circuit configuration and the component values. 


» FIGURE 16-50 
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» FIGURE 16-51 


AC measurements for module 1. 
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Ohmmeter Measurement of Module 2 : Review 
* Determine the arrangement of the two components and the 1. If the inductor in module 1 were open, what would you 
values of the resistor and the winding resistance for module2 measure on the output with the test setup of Figure 16-51? 


indicated by the meter readings in Figure 16-52. 2. If the inductor in module 2 were open, what would you 
: : . 9 
AC Measurement of Module 2 measure on the output with the test setup of Figure 16-53? 


# Determine the inductance value for module 2 indicated by 
the test setup in Figure 16—53. 


» FIGURE 16-52 
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» FIGURE 16-53 
AC measurements for module 2. 


Option 2 Note 


Coverage of special topics continues in Chapter 17, Part 4, on page 757. 
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SUMMARY 


KEY TERMS 


When a sinusoidal voltage is applied to an RL circuit, the current and all the voltage drops are also 
sine waves. 


Total current in a series or parallel RL circuit always lags the source voltage. 
The resistor voltage is always in phase with the current. 

In an ideal inductor, the voltage always leads the current by 90°. 

In a lag circuit, the output voltage lags the input voltage in phase. 

In a lead circuit, the output voltage leads the input voltage in phase. 


In an RL circuit, the impedance is determined by both the resistance and the inductive reactance 
combined. 


Impedance is expressed in units of ohms. 

The impedance of an RL circuit varies directly with frequency. 

The phase angle (6) of a series RL circuit varies directly with frequency. 

You can determine the impedance of a circuit by measuring the applied voltage and the total 
current and then applying Ohm’s law. 

In an RL circuit, part of the power is resistive and part reactive. 

The power factor indicates how much of the apparent power is true power. 


A power factor of 1 indicates a purely resistive circuit, and a power factor of 0 indicates a purely 
reactive Circuit. 


A filter passes certain frequencies and rejects others. 


Key terms and other bold terms in the chapter are defined in the end-of-book glossary. 


FORMULAS 


Inductive reactance The opposition of an inductor to sinusoidal current. The unit is the ohm. 


Inductive susceptance (B;) The ability of an inductor to permit current; the reciprocal of induc- 
tive reactance. The unit is the siemens (S). 


Series RL Circuits 
16-1 Z=R+ jx, 


x, 
16-2 Z=VR + ¥fZtan-1(*) 


16-3 Ve => Vr + jVz, 


V; 
164 V,=Vv2+ VE Ztan-() 


R 


Lead Circuit 


R 
16-5 = tan !{ — 
¢ as = 


16-6 = Vow = ( 


Xr W 
VR? + xP/ * 
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Parallel! RL Circuits 


16-9 = (4, )ae(*) 
VR + x3 XL. 

16-10 Y=G-—jB, 

16-11 Aye = Tp — ih, 


i 
16-12 L.= VB+ BZ-tan- (4) 
R 


Power in RL Circuits 
16-13. P, = PX; 


end of the chapter. 


1. Ina series RL circuit, the resistor voltage 


(a) leads the applied voltage (b) lags the applied voltage 
(c) is in phase with the applied voltage (d) is in phase with the current 
(e) answers (a) and (d) (f) answers (b) and (d) 


2. When the frequency of the voltage applied to a series RL circuit is increased, the impedance 
{a) decreases (b) increases (c) does not change 

3. When the frequency of the voltage applied to a series RL circuit is decreased, the phase angle 
(a) decreases (b) increases (c) does not change 

4. If the frequency is doubled and the resistance is halved, the impedance of a series RL circuit 
(a) doubles (b) halves 
(c) remains constant (d) cannot be determined without values 

5. To reduce the current in a series RL circuit, the frequency should be 

(a) increased (b) decreased (c) constant 

Ina series RL circuit, 10 V rms is measured across the resistor, and 10 V rms is measured 

across the inductor. The peak value of the source voltage is 

(a) 14.14V (b) 28.28 V (c) 10V (d) 20V 

7. The voltages in Problem 6 are measured at a certain frequency. To make the resistor voltage 
greater than the inductor voltage, the frequency is 
(a) increased (b) decreased (c) doubled (d) not a factor 

8. When the resistor voltage in a series RL circuit becomes greater than the inductor voltage, the 
phase angle 


6 


(a) increases (b) decreases (c) is not affected 
9. When the frequency of the source voltage is increased, the impedance of a parallel RL circuit 

(a) increases (b) decreases (c) remains constant 

10. Ina parallel RL circuit, there are 2 A rms in the resistive branch and 2 A rms in the inductive 
branch. The total rms current is 
(a) 4A (b) 5.656A (c) 2A (d) 2.828 A 

11. You are observing two voltage waveforms on an oscilloscope. The time base (time/division) of 
the scope is adjusted so that one-half cycle of the waveforms covers the ten horizontal divi- 
sions. The positive-going zero crossing of one waveform is at the leftmost division, and the 


positive-going zero crossing of the other is three divisions to the right. The phase angle be- 
tween these two waveforms is 


(a) 18° (b) 36° (c) 54° (d) 180° 


12. Which of the following power factors results in less energy being converted to heat in an RL 
circuit? 


(a) 1 (b) 0.9 (c) 0.5 (d) 0.1 
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13. If a load is purely inductive and the reactive power is 10 VAR, the apparent power is 
(a) OVA (b) L1OVA (c) 14.14 VA (d) 3.16 VA 


14. For a certain load, the true power is 10 W and the reactive power is 10 VAR. The apparent 
power is 


(a) SVA (b) 20 VA (c) 14.14 VA (d) 100 VA 


Answers are at the end of the chapter. 


Refer to Figure 16-56. 
1. If L opens, the voltage across it 
(a) increases (b) decreases (c) stays the same 
2. If R opens, the voltage across L 
(a) increases (b) decreases (c) stays the same 
3. If the frequency is increased, the voltage across R 
(a) increases (b) decreases (c) stays the same 


Refer to Figure 16-63. 
4. If L opens, the voltage across R 
(a) increases (b) decreases (c) stays the same 
5. If fis increased, the current through R 
(a) increases (b) decreases (c) stays the same 


Refer to Figure 16-69. 
6. If R,; becomes open, the current through L, 
(a) increases (b) decreases (c) stays the same 
7. If Lz opens, the voltage across Rp 
(a) increases (b) decreases (c) stays the same 


Refer to Figure 16-70. 
8. If Lz opens, the voltage from point B to ground 
(a) increases (b) decreases (c) stays the same 
9. If L; opens, the voltage from point B to ground 
(a) increases (b) decreases (c) stays the same 
10. If the frequency of the source voltage is increased, the current through R, 
(a) increases (b) decreases (c) stays the same 
11. If the frequency of the source voltage is decreased. the voltage from point A to ground 
(a) increases (b) decreases (c) stays the same 


Refer to Figure 16-73. 
12. If L, opens, the voltage across L; 

(a) increases (b) decreases (c) stays the same 
13. If R; opens, the output voltage 

(a) increases (b) decreases (c) stays the same 
14. If R; becomes open, the output voltage 

(a) increases (b) decreases (c) stays the same 
15. If a partial short develops in L;, the source current 

(a) increases (b) decreases (c) stays the same 
16. If the source frequency increases, the output voltage 


(a) increases (b) decreases (c) stays the same 


SECTION 16-1 


SECTION 16-2 
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More difficult problems are indicated by an asterisk (*). 
Answers to odd-numbered problems are at the end of the book 


PART 1: SERIES CIRCUITS 


Sinusoidal Response of Series RL Circuits 
1. A 15 kHz sinusoidal voltage is applied to a series RL circuit. What is the frequency of I, Vp. 
and V,? 
2. What are the wave shapes of J, Vp, and V; in Problem 1? 


Impedance of Series RL Circuits 
3. Express the total impedance of each circuit in Figure 16~—54 in both polar and rectangular 
forms. 


= 
10.20° V 1000 520° V 


(a) (b) 


» FIGURE 16-54 


4. Determine the impedance magnitude and phase angle in each circuit in Figure 16-55 Draw the 
impedance diagrams. 


560, 50mH 100mH 
f=100 Hz 


(b) 


» FIGURE 16-55 


5. In Figure 16—56, determine the impedance at each of the following frequencies: 
(a) 100 Hz (b) 500 Hz (c) 1 kHz (d) 2 kHz 


» FIGURE 16-56 R L 


6. Determine the values of R and X; in a series RL circuit for the following values of total 
impedance: 
(a) Z = 200 + 7450 (b) Z = 500. 235° 0 
(4 = 252725°kO (d) Z = 998 245° 0 
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SECTION 16-3 


7. Reduce the circuit in Figure 16-57 to a single resistance and inductance in series. 


® FIGURE 16-57 


Analysis of Series RL Circuits 


8. A 5 V, 10 kHz sinusoidal voltage is applied to the circuit in Figure 16-57. Calculate the voltage 
across the total resistance found in Problem 7. 


9. For the same applied voltage in Problem 8, determine the voltage across L3 for the circuit in 
Figure 16-57. 


10. Express the current in polar form for each circuit of Figure 16-54. 
11. Calculate the total current in each circuit of Figure 16-55 and express in polar form. 
12. Determine 6 for the circuit in Figure 16-58. 


» FIGURE 16-58 R 


V, Zz 
100° V 60 Hz 01H 


13. If the inductance in Figure 16—58 is doubled, does 6 increase or decrease, and by how many 
degrees? 


14. Draw the waveforms for V,, Vr, and V; in Figure 16-58. Show the proper phase relationships 
15. For the circuit in Figure 16-59, find Vp and V; for each of the following frequencies: 
(a) 60 Hz (b) 200 Hz (c) 500 Hz (d) 1 kHz 


®» FIGURE 16-59 L R 


100 mH 150 0, 


520° V 


16. Determine the magnitude and phase angle of the source voltage in Figure 16-60 


» FIGURE 16-60 Ly Ly 


6.9V 


SECTION 16-4 


SECTION 16-5 
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17. For the lag circuit in Figure 16-61, determine the phase lag of the output voltage with respect 
to the input for the following frequencies: 


(a) 1 Hz (b) 100 Hz (©) 1 kHz (d) 10 kHz 
18. Repeat Problem 17 for the lead circuit to find the phase lead in Figure 16-62. 


R 
AW 0 
Vin 39 9 L V 
5020° mV 10 mH ous 


» FIGURE 16-61 » FIGURE 16-62 


PART 2: PARALLEL CIRCUITS 


Impedance and Admittance of Parallel RL Circuits 
19. What is the impedance expressed in polar form for the circuit in Figure 16-63? 
20. Repeat Problem 19 for the following frequencies: 
(a) 1.5 kHz (b) 3 kHz (c) 5 kHz (d) 10 kHz 
21. At what frequency does X;, equal R in Figure 16-63? 


® FIGURE 16-63 


Vs 
iE, R 
15.40° V 
22a 800 wH 120, 
Analysis of Parallel RL Circuits 
22. Find the total current and each branch current in Figure 16-64. 
» FIGURE 16-64 
V, R ye 
10.20° V 2.2kO, 3.5 kO, 
23. Determine the following quantities in Figure 16-65: 
@mZ bk OL Dla © é 
® FIGURE 16-65 
Bees R L 
puny 5600 25 mH 
f=2kHz 


24. Repeat Problem 23 for R = 56 0 and L = 330 wH 
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» FIGURE 16-66 » FIGURE 16-67 


25. Convert the circuit in Figure 16—66 to an equivalent series form. 


26. Find the magnitude and phase angle of the total current in Figure 16-67. 


PART 3: SERIES-PARALLEL CIRCUITS 
SECTION 16-6 Analysis of Series-Parallel RL Circuits 


27. Determine the voltages in polar form across each element in Figure 16-68. Draw the voltage 
phasor diagram. 


28. Is the circuit in Figure 16-68 predominantly resistive or predominantly inductive? 


29. Find the current in each branch and the total current in Figure 16-68. Express the currents in 
polar form. Draw the current phasor diagram. 


30. For the circuit in Figure 16-69, determine the following: 
@lao ®°9 ©Vrn @Ve ©Ve (Vn (&) Vr 


A FIGURE 16-68 A FIGURE 16-69 


*31. For the circuit in Figure 16-70, determine the following: 
(a) Ii, = (b) Vin ~—s() “Vaz 
*32. Draw the phasor diagram of all voltages and currents in Figure 16—70. 


® FIGURE 16-70 
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33. Determine the phase shift and attenuation (ratio of V,,,, to V;,,) from the input to the output for 
the circuit in Figure 16~71 


» FIGURE 16-71 


*34. Determine the phase shift and attenuation from the input to the output for the ladder network in 
Figure 16—72. 


L Ly L; 


Vi, = 1V 50mH 
f = 10kHz 


* FIGURE 16-72 


35. Design an ideal inductive switching circuit that will provide a momentary voltage of 2.5 kV 
from a 12 V de source when a switch is thrown instantaneously from one position to another. 
The drain on the source must not exceed | A. 


PART 4: SPECIAL TOPICS 


SECTION 16-7 Power in RL Circuits 
36. In a certain RL circuit, the true power is 100 mW, and the reactive power is 340 mVAR. What 
is the apparent power? 
37. Determine the true power and the reactive power in Figure 16-58. 
38. What is the power factor in Figure 16-64? 
39. Determine Pirye, P,, Pz, and PF for the circuit in Figure 16-69. Sketch the power tnangle. 


*40. Find the true power for the circuit in Figure 16-70. 


SECTION 16-8 Basic Applications 


41. Draw the response curve for the circuit in Figure 16-61. Show the output voltage versus 
frequency in | kHz increments from 0 Hz to 5 kHz. 


42. Using the same procedure as in Problem 41, draw the response curve for Figure 16-62. 


43. Draw the voltage phasor diagram for each circuit in Figures 16-61 and 16-62 for a frequency 
of 8 kHz. 
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SECTION 16-9 Troubleshooting 
44. Determine the voltage across each component in Figure 16—73 if L, is open. 
45. Determine the output voltage in Figure 16~73 for each of the following failure modes: 


(a) L, open (b) Ly open (c) R, open (d) ashort across R32 


» FIGURE 16-73 


= Multisim Troubleshooting and Analysis 

ey) These problems require your Multisim CD-ROM. 
46. Open file P16-46 and determine if there is a fault. If so, find the fault. 
47. Open file P16-47 and determine if there is a fault. If so, find the fault. 
48. Open file P16-48 and determine if there is a fault. If so, find the fault. 
49. Open file P16-49 and determine if there is a fault. If so, find the fault. 
50. Open file P16-50 and determine if there is a fault. If so, find the fault. 
51. Open file P16-51 and determine if there is a fault. If so, find the fault. 
52. Open file P16-52 and determine the frequency response for the filter. 
53. Open file P16-53 and determine the frequency response for the filter. 


SECTION REVIEWS 


SECTION 16-1 Sinusoidal Response of Series RL Circuits 
1. The current frequency is | kHz. 
2. The phase angle is closer to 0°. 


SECTION 16-2 Impedance of Series RL Circuits 
1. R = 1500; X, = 2200, 
2. Z=R + jX, = 33kO + j50KO; Z = VR? + X7 Ztan '(X/R) = 59.9256.6° kO. 


SECTION 16-3 Analysis of Series RL Circuits 
1. V, = VVé + Vi? = 3.61V 
2. 6 = tan (V;/Vp) = 56.3° 
3. When f increases, X;, increases, Z increases, and @ increases. 
4. & = 81.9° 
5. Vou = 9-90V 


SECTION 16-4 Impedance and Admittance of Parallel RL Circuits 


1 I 
1 Y= >= = 2mS 
Z VR + x} 
2 ¥=4=25.1ms 
. Z -im 


3. Ilags V,; @ = 32.1° 


SECTION 16-5 


SECTION 16-6 


SECTION 16-7 


SECTION 16-8 


SECTION 16-9 


ANSWERS ® 


Analysis of Parallel RL Circuits 
1. Gor = 320A 
2. Top = 23.32—59.0° mA; 6 is with respect to the input voltage. 
3. @ = —90° 


Analysis of Series-Parallel RL Circuits 
1. Z = 494 259.0° 0 
2. Top = 10.4mA — j17.3mA 


Power in RL Circuits 
1. Power dissipation is due to resistance 
2. PF = 0.643 
3. Pie = 4.7 W; P, = 6.2 VAR; P, = 7.78 VA 


Basic Applications 
1. The output is across the resistor. 
2. It is more efficient than other types. 


3. It is adjusted by the pulse width modulator to be longer. 


Troubleshooting 
1. Shorted windings reduce L and thereby reduce X;, at any given frequency. 


2. Tio; decreases, Vp; decreases, Vo increases. 


A Circuit Application 
1. Ving = OV 
2. Vou = Vin 


RELATED PROBLEMS FOR EXAMPLES 
16-1 Z=1.8kQ + j9500; Z = 2.04.227.8° kO 
16-2. I = 4232—32.1° uA 

16-3) Z = 12.6k; 6 = 85.5° 

16-4 $ = 65.6° 

16-5  V,,,, increases. 

16-6 = —32° 

16-7) = Vig = 12.3 V rms 

16-8 Z = 8.14235.5°kO 

16-9 Y = 3.03mS — j0.796 mS 

16-10 I = 14024-71.1°mA 

16-11 [,,; = 67.6mA; 6 = 36.3° 

16-12 (a) V,; = 8.0422.52°V (b) V2 = 2.00 2Z—-10.2° V 
16-13 Ij, = 20.2 2—59.0° mA 

16-14 Prue, P,, and P, decrease. 

16-15 Open connection between L, and L 


SELF-TEST 
1. &) 2. (b) 3. (a) 4. (d) 5. (a) 6. (d) 7. (b) 
9. (a) 10. (d) 11. (c) 12. (d) 13. (b) 14. (c) 


CIRCUIT DYNAMICS QUIZ 
1. (a) 2(b6) 3. (db) 4. (c) 5. (c) 6. (c) 7. (a) 
9@ 06 UO 26 B2@ %4@ ==6@ 


8. (b) 


8. (c) 
16. (b) 
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Series Resonance 


Parallel Resonance 


Applications 
A Circuit Application 


Analyze series RLC circuits 


Analyze parallel RLC circuits 


_o 
“— 


* Series resonance 
* Resonant frequency (f) 
* Parallel resonance 


Impedance of Series RLC Circuits 
Analysis of Series RLC Circuits 


Impedance of Parallel RLC Circuits 
Analysis of Parallel RLC Circuits 


Analysis of Series-Parallel RLC Circuits 


Bandwidth of Resonant Circuits 


Determine the impedance of a series RLC circuit 


Analyze a circuit for series resonance 


® Determine the impedance of a parallel RLC circuit 


Analyze a circuit for parallel resonance 
Analyze series-parallel RLC circuits 


Determine the bandwidth of resonant circuits 


Discuss some applications of resonant circuits 


@ Tank circuit 
@ Half-power frequency 
@ Selectivity 


<—~ 


RLC Circuits 


AND RESONANCE 


— 


.. 


In the circuit application, you will work with the resonant 
tuning circuit in the RF amplifier of an AM radio receiver. The 
tuning circuit is used to select any desired frequency within 
the AM band so that a desired station can be tuned in. 


Study aids for this chapter are available at 
http://www. prenhall.com/floyd 


In this chapter, the analysis methods learned in Chapters 15 
and 16 are extended to the coverage of circuits with combi- 
nations of resistive, inductive, and capacitive components. 
Series and parallel RLC circuits, plus series-parallel combina- 
tions, are studied. 

Circuits with both inductance and capacitance can exhibit 
the property of resonance, which is important in many types 
of applications. Resonance is the basis for frequency selectiv- 
ity in communication systems. For example, the ability of a 
radio or television receiver to select a certain frequency that 
is transmitted by a particular station and, at the same time, 
to eliminate frequencies from other stations is based on the 
principle of resonance. The conditions in RLC circuits that 
produce resonance and the characteristics of resonant cir- 
cuits are covered in this chapter. 


If you chose Option 1 to cover all of Chapter 15 and all of 
Chapter 16, then all of this chapter should be covered next. 

If you chose Option 2 to cover reactive circuits in Chap- 
ters 15 and 16 on the basis of the four major parts, then the 
appropriate part of this chapter should be covered next, fol- 
lowed by the next part in Chapter 15, if applicable. 


_—_ 
 .) 
| 


—_— 
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17-1 IMPEDANCE OF SERIES RLC Circuits 


A series RLC circuit contains resistance, inductance, and capacitance. Since inductive 
reactance and capacitive reactance have opposite effects on the circuit phase angle, the 
total reactance is less than either individual reactance. 


After completing this section, you should be able to 


¢ Determine the impedance of a series RLC circuit 


¢ Calculate total reactance 


A series RLC circuit is shown in Figure !7—1. It contains resistance, inductance, and 
capacitance. 


Cc <4 FIGURE 17-1 
Series RLC circuit. 


As you know, inductive reactance (X;) causes the total current to lag the applied volt- 
age. Capacitive reactance (X_-) has the opposite effect: It causes the current to lead the 
voltage. Thus X, and X_ tend to offset each other. When they are equal, they cancel, and 
the total reactance is zero. In any case, the magnitude of the total reactance in the series 
circuit is 

Xion = Xt — Xel 


The term |X, — X | means the absolute value of the difference of the two reactances. That 
is, the sign of the result is considered positive no matter which reactance is greater. For 
example, 3 — 7 = —4, but the absolute value is 


3-7 =4 


When X;, > Xc, the circuit is predominantly inductive, and when X¢ > X, the circuit is 
predominantly capacitive. 


Equation 17-1 
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Equation 17-2 


Equation 17-3 


EXAMPLE 17-1 


Solution 


Related Problem” 


The total impedance for the series RLC circuit is stated in rectangular form in Equation 
17-2 and in polar form in Equation 17-3. 


Z =Rt Ga a IXc 
x 
Z= VR + (X, - Xo Zan (*e") 


In Equation 17-3, V P+ aa xy is the magnitude and tan '(Xjor/R) is the phase an- 
gle between the total current and the applied voltage. If the circuit is predominately 
inductive, the phase angle is positive; and if predominately capacitive, the phase angle is 
negative. 


For the series RLC circuit in Figure 17—2, determine the total impedance. Express it in 
both rectangular and polar forms. 


R iz 

AW TDP 

5.6kO 10 mH al 
V, f = 100kHz ap 

FIGURE 17-2 
First, find X¢ and X;. 
H 1 

Xc = 339k 


~ QnfC  2a(100kHz)(470 pF) 
X, = 2nfL = 2m(100kHz)(10 mH) = 6.28kO 


In this case, X; is greater than X¢, and thus the circuit is more inductive than capaci- 
tive. The magnitude of the total reactance is 


Xtor = [Xp — Xcl = 16.28kO — 3.39k0] = 2.89k0D _ inductive 
The impedance in rectangular form is 
Z = R + (jXz, — jXc) = 5.6kO, + (j6.28kO — 73.39kO) = 5.6k0 + j2.89k0, 


The impedance in polar form is 
X, 
Z = VIP Key Zian'( 2") 


2.89kO, 
5.6k0O 


= V(5.6kO) + (2.89 KO? tan ( ) = 6.30 727.3° ko. 


The positive angle shows that the circuit is inductive. 


Determine Z in polar form if fis increased to 200 kHz. 
*Answers are at the end of the chapter. 
As you have seen, when the inductive reactance is greater than the capacitive reactance, 


the circuit appears inductive; so the current lags the applied voltage. When the capacitive re- 
actance is greater, the circuit appears capacitive, and the current leads the applied voltage. 
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Xcis 150 © and X;, is 80 ©. What is the total reactance in 


form for the circuit in Question 1 when R = 47 ©. 
dance? What is the phase angle? Is the current 


17—2 ANALYSIS OF SERIES RLC Circuits 


Recall that capacitive reactance varies inversely with frequency and that inductive 
reactance varies directly with frequency. In this section, the combined effects of the 
reactances as a function of frequency are examined. 


After completing this section, you should be able to 
¢ Analyze series RLC circuits 


Figure 17—3 shows that for a typical series RLC circuit the total reactance behaves as 
follows: Starting at a very low frequency, X¢ is high, and X; is low, and the circuit is pre- 
dominantly capacitive. As the frequency is increased, Xc decreases and X; increases until 
a value is reached where Xc = X; and the two reactances cancel, making the circuit purely 
resistive. This condition is series resonance and will be studied in Section 17-3. As the 
frequency is increased further, X; becomes greater than X¢, and the circuit is predomi- 
nantly inductive. Example 17—2 illustrates how the impedance and phase angle change as 
the source frequency is varied. 


Capacitive: | Inductive: SRIGURE 19 
Xc>X, X,>Xc How Xc and X, vary with frequency. 


Reactance 


Series resonance 


The graph of X; is a straight line, and the graph of X¢ is curved, as shown in Figure 
17-3. The genera] equation for a straight line is y = mx + b, where 7 is the slope of the 
line and b is the y-axis intercept point. The formula X; = 27fL fits this general straight- 
line formula, where y = X, (a variable), m = 27L (a constant), x = f (a variable), and 
b = Oas follows: X;, = 27Lf + 0. 

The X¢ curve is called a hyperbola, and the general equation of a hyperbola is xy = k. 
The equation for capacitive reactance, X¢ = 1/27fC, can be rearranged as Xcf = 1/27C 
where x = X¢ (a variable), y = f (a variable), and k = 1/2aC (a constant). 
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EXAMPLE 17-2 For each of the following input frequencies, find the impedance in polar form for the 
circuit in Figure 17-4. Note the change in magnitude and phase angle with frequency. 


(a) f= 1kHz (b) f=2kHz (c) f=3.5kHz (A) f= 5kHz 


FIGURE 17-4 
c L 


3.3kO 0.022 uF 100 mH 


Solution (a) At f = 1 kHz, 
1 1 
2afC 27m(1 kHz)(0.022 pF) 
X, = 2nfL = 27(1kHz)(100 mH) = 628 0 


X¢ = 723 kO 


The circuit is clearly capacitive, and the impedance is 
\/p2 2 i Xtot 
Z= VR + (X, — Xo) Z—tan™ 7a 


= VB.3k)* + (628.0 — 7.23 KO Z—tant( SOOKE ) = 7.382 —-63.4° ko 


The negative sign for the angle is used to indicate that the circuit is capacitive. 
(b) At f = 2kHz, 
Xc= ! 
277(2 kHz)(0.022 pF) 
X, = 2a(2 kHz)(100 mH) = 1.26kO 


= 3.62k0 


The circuit is still capacitive, and the impedance is 


2.36 st) 
3.3kO 


= 4.06 Z— 35.6° kO | 
| 
(c) At f = 3.5 kHz, 


Z = VB3kO) + (1.26kO — 3.62 KO Zt 


i 
~ 2ar(3.5 kHz)(0.022 pF) 
X,, = 22(3.5 kHz)(100 mH) = 2.20k0 


oe = 2.07k9 


The circuit is very close to being purely resistive because X¢ and X; are nearly 
equal, but it is slightly inductive. The impedance is 


= 3.3 22.26° kO, | 
| 


Z = V3.3kOY + (2.20kO — 2.07k0)" Laan i( S33 Ko) 
33kO 
(d) At f = 5kHz, 
fo = 145kO | 
© 2a(5kHz)(0.022 uF) | 


X,, = 27(5 kHz)(100 mH) = 3 14k0, | 
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tly inductive. The impedance is 


14k — 1.45k0)% Za 1.69 ay 


3.3kO 


by he sign of the angle. Note that the impedance magnitude 
m equal to the resistance and then began increasing again. 


In a series RLC circuit, the capacitor voltage and the inductor voltage are always 180° 
out of phase with each other. For this reason, Vc and V;, subtract from each other, and thus 
the voltage across L and C combined is always less than the larger individual voltage across 
either element, as illustrated in Figure 17—5 and in the waveform diagram of Figure 17-6. 


@ FIGURE 17-5 


The voltage across the series combi- 
nation of C and L is always less than 
the larger individual voltage across 
either C or L. 


a 


~ FIGURE 17-6 


Vc is the algebraic sum of V, and Vc. 
Because of the phase relationship, V, 
and V; effectively subtract. 


In the next example, Ohm’s law is used to find the current and voltages in a series 
RLC circuit. 
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EXAMPLE 17-3 Find the current and the voltages across each component in Figure 17—7. Express each 
quantity in polar form, and draw a complete voltage phasor diagram. 


R 
75 kO 
Ve X, 
1020° V 25kOQ. 
Xc 
60 kO 


FIGURE 17-7 


Solution First, find the total impedance. 
Z=R + jX, — jXc = T5kO + j25kO — j60kKO = 75kO — j35kO 


Convert to polar form for convenience in applying Ohm’s law 


Xx, 
n= VEL ZZ —tan( *) 
= V(75kQO)* + (35 Oy Z-tan-1( 2288) = 82.84—-25°kO 


75kQ 


where X,,. = |X, — Xcl. 
Apply Ohm’s law to find the current. 


Vv, __1020°v ? 
een OA 


Now, apply Ohm’s law to find the voltages across R, L, and C. 
Ver = IR = (121225.0° wA)(75 20° kQ) = 9.08 225.0° V 
V, = IX, = (121225.0° pA)(25 290° kQO) = 3.03. 2115° V 
Veo = IXc = (121225.0° wA)(60 2 —90° kD) = 7.26 2—65.0° V 


The phasor diagram is shown in Figure 17-8. The magnitudes represent rms values. 
Notice that V; is leading Vp by 90°, and V¢ is lagging Vp by 90°. Also, there is a 180° 
phase difference between V; and Vc. If the current phasor were shown, it would be at 


FIGURE 17-8 
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ent is leading V,, the source voltage, by 25°, indicating 
The phasor diagram is rotated 25° from its usual posi- 


n series RLC circuit. Determine the source 
-V, and Vc = 457 —60° V. 
= 1.2kQ, does the current lead or lag the 


17—3 SERIES RESONANCE 


In a series RLC circuit, series resonance occurs when Xc = X;. The frequency at 
which resonance occurs is called the resonant frequency and is designated f,. 


After completing this section, you should be able to 
¢ Analyze a circuit for series resonance 
Define series resonance 


¢ Determine the impedance at resonance 


Figure 17—9 illustrates the series resonant condition. 


R per aS R » FIGURE 17-9 


Series resonance. Xc and X; cancel 
each other resulting in a purely 
resistive circuit. 


fr fr 


Resonance is a condition in a series RLC circuit in which the capacitive and inductive 
reactances are equal in magnitude; thus, they cancel each other and result in a purely resis- 
tive impedance. In a series RLC circuit, the total impedance was given in Equation 17-2 as 


Z=R+t jx, — jXc 
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At resonance, X; = Xc and the j terms cancel; thus, the impedance is purely resistive. 
These resonant conditions are stated in the following equations: 


quency. Thus, Xc = Xz; = 500 ©. The impedance at reso- 


= 1000 + j5002 — j500D = 10020° 0 


nance is equal to the resistance because the 
and therefore cancel. 


X, and X_ Cancel at Resonance 


At the series resonant frequency (f,), the voltages across C and L are equal in magnitude 
because the reactances are equal. The same current is through both since they are in series 
UXc = 1Xz). Also, V; and V¢ are always 180° out of phase with each other. 

During any given cycle, the polarities of the voltages across C and L are opposite, as 
shown in parts (a) and (b) of Figure 17-11. The equal and opposite voltages across C and L 
cancel, leaving zero volts from point A to point B as shown. Since there is no voltage drop 
from A to B but there is still current, the total reactance must be zero, as indicated in part (c). 
Also, the voltage phasor diagram in part (d) shows that Vc and V; are equal in magnitude 
and 180° out of phase with each other. 


Yo Vv, 
” 
_ -~ oe 
KO A= ft + =B 


90° 

MLL 
Lt : i ey, 
v, a a > Vi 
—90° 


(a) (b) (c) (d) 


A FIGURE 17-11 

At the resonant frequency, f,, the voltages across C and L are equal in magnitude. Since they are 180° 
out of phase with each other, they cancel, leaving 0 V across the LC combination (point A to point B). 
The section of the circuit from A to B effectively looks like a short at resonance. 
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Series Resonant Frequency 


For a given series RLC circuit, resonance occurs at only one specific frequency. A formula 
for this resonant frequency is developed as follows: 


ie 
Substitute the reactance formulas. 
afl = = 
27f,C 
Then, multiplying both sides by f,/27L, 
1 
i = aie 
Take the square root of both sides. The formula for series resonant frequency is 
1 
f= mara Equation 17—4 


V5 mH)(47 pF) 


is the resonant frequency? 


Be 
* 


ify the calculated results in this example and to 
late blem. 


Current and Voltages in a Series RLC Circuit 


At the series resonant frequency, the current is maximum (4, = V,/R). Above and below 
resonance, the current decreases because the impedance increases. A response curve show- 
ing the plot of current versus frequency is shown in Figure 17—13(a). The resistor voltage, 
Vp, follows the current and is maximum (equal to V,) at resonance and zero at f = O and 
at f = ©, as shown in Figure 17—13(b). The general shapes of the Vc and V; curves are 
indicated in Figure 17—13(c) and (d). Notice that Vc = V, when f = 0, because the capac- 
itor appears open. Also notice that V; approaches V, as f approaches infinity, because the 
inductor appears open. The voltage across the C and L combination decreases as the fre- 
quency increases below resonance, reaching a minimum of zero at the resonant frequency; 
then it increases above resonance, as shown in Figure 17—13(e). 
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(c) Capacitor voltage 
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fr 


(b) Resistor voltage 


(d) Inductor voltage 
4 FIGURE 17-13 


Vou 


(e) Voltage across C and L combined 


Generalized current and voltage magnitudes as a function of frequency in a series RLC circuit. V- and V, 
can be much larger than the source voltage. The shapes of the graphs depend on specific circuit values. 


The voltages are maximum at resonance but drop off above and below f,. The voltages 
across L and C at resonance are exactly equal in magnitude but 180° out of phase; so they 
cancel. Thus, the total voltage across both L and C is zero, and Ve = V, at resonance, as in- 
dicated in Figure 17-14. Individually, V; and Vc can be much greater than the source volt- 
age, as you will see later. Keep in mind that V; and Vc are always opposite in polarity 
regardless of the frequency, but only at resonance are their magnitudes equal. 


® FIGURE 17-14 
Series RLC circuit at resonance. 


x Xe 


1kO 


1kQ 


Series RLC Impedance 


At frequencies below f,, Xc > X,; thus, the circuit is capacitive. At the resonant fre- 
quency, Xc = X;, so the circuit is purely resistive. At frequencies above f,, X;, > Xc; thus, 
the circuit is inductive. 

The impedance magnitude is minimum at resonance (Z = R) and increases in value 
above and below the resonant point. The graph in Figure 17-16 illustrates how impedance 
changes with frequency. At zero frequency, both Xc¢ and Z are infinitely large and X, is zero 
because the capacitor looks like an open at 0 Hz and the inductor looks like a short. As the 
frequency increases, Xc decreases and X; increases. Since X¢ is larger than X;, at frequen- 
cies below f,, Z decreases along with Xc. At f,, Xc = X, and Z = R. At frequencies above 
S, Xz, becomes increasingly larger than X¢. causing Z to increase. 


Z(Q) @ FIGURE 17-16 


of frequency. 


Series RLC impedance as a function 


SERIES RESONANCE 


@ 
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R 
1000 L 
Vv, 100 mH 
ie 
a0 0.01 uF 
FIGURE 17-17 
Solution (a) At f,, the impedance is equal to R 
Z=R= 1000 
To determine the impedance above and below f,, first calculate the resonant 
frequency. 
1 1 


= = = 5.03 kH 
f= VEC 2x VA00 mE OO! aE) 


(b) At 1000 Hz below f,, the frequency and reactances are as follows: 
f=f, — \kHz = 5.03kHz — 1 kHz = 4.03 kHz 
1 1 
Xe = Se 
2nfC 27(4.03kHz)(0.01 pF) 
Xz, = 2afl = 27(4.03 kHz)(100 mH) = 2.53 kO 


= 3.95kD 


Therefore, the impedance at f, — 1 kHz is 
Z = VR + (X, — XO? = V(100 0) + (2.53kO — 3.95k0) = 142k0 
(c) At 1000 Hz above f,, 
f = 5.03 kHz + 1 kHz = 6.03 kHz 
Xc= : 
277(6.03 kHz)(0.01 pF) 
X,, = 2n(6.03 kHz)(100 mH) = 3.79kO 
Therefore, the impedance at f, + 1 kHz is 
Z= V(1000) + B.79kO — 2.64k0Y = 1.45kO 


In part (b) Z is capacitive, and in part (c) Z is inductive. 


= 2.64k0 


Related Problem What happens to the impedance magnitude if fis decreased below 4.03 kHz? Above 
6.03 kHz? 


The Phase Angle of a Series RLC Circuit 


At frequencies below resonance, X¢ > Xz, and the current leads the source voltage, as in- 
dicated in Figure 17—18(a). The phase angle decreases as the frequency approaches the reso- 
nant value and is 0° at resonance, as indicated in part (b). At frequencies above resonance, 
X, > Xc, and the current lags the source voltage, as indicated in part (c). As the frequency 
goes higher, the phase angle approaches 90°. A plot of phase angle versus frequency is 
shown in part (d) of the figure. 
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V, Vv 
I 
== =0° Ww 
0 6 
(a) Below f,, / leads V.. (b) Atf,, / is in phase with V,. (c) Above f,, Iags V.. 


DAU AES aS AY db ee ee Se 


o° 


fr 


—90° (I leads V,) Xc>X, Kiake 
Capacitive: Inductive: 
T leads V, T lags V, 


(d) Phase angle versus frequency. 


4 FIGURE 17-18 
The phase angle as a function of frequency in a series RLC circuit. 


Series resonance? 

n at the resonant frequency? 

ency for C = 1000 pF and L = 1000 pH. 
‘it inductive or capacitive at 50 kHz? 


This completes the coverage of series reactive circuits. Coverage of parallel reac- 
tive circuits begins in Chapter 15, Part 2, on page 626. 


17-4 IMPEDANCE OF PARALLEL RLC Circuits 


In this section, you will study the impedance and phase angle of a parallel RLC circuit. 
Also, conductance, susceptance, and admittance of a parallel RLC circuit are covered. 


After completing this section, you should be able to 
¢ Determine the impedance of a parallel RLC circuit 


¢ Calculate the conductance, susceptance, and admittance 
ae : : 


Figure 17-19 shows a parallel RLC circuit. The total impedance can be calculated using 
the reciprocal of the sum-of-reciprocals method, just as was done for circuits with resistors 


in parallel. 


1 1 1 1 
z= + ——— _ + ———— 
Z RZO X,290° XeZ—90° 
or 
Equation 17—5 Z= ! 
q 1 i i 


+ + 
RZ0°— X,Z90° — X--Z—90° 


>» FIGURE 17-19 
Parallel RLC circuit. 


a 
a 
~ 
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Solution Use the sum-of-reciprocals formula. 


| 1 1 1 I 1 i 
—= + + = + + 
Z RZO X,2Z90° Xe-Z-90° 10020°2 100490°Q 504-90° 0 


Apply the rule for division of polar numbers. 
1 
zZ* 1020° mS + 102—90° mS + 20290° mS 


Recall that the sign of the denominator angle changes when dividing. 
Next, convert each term to its rectangular equivalent and combine. 


I 
Z = 10mS — j10mS + j20mS = 10mS + jl0mS 


Take the reciprocal to obtain Z and then convert to polar form. 


1 1 
VA — —F 
10mS + jl0mS 10 
ee (-4/0ms)2 + (lO mS)? Ztan-1( P28 ) 
10mS 
1 Oo 
= qazaseag = WZ-45° 0 


The negative angle shows that the circuit is capacitive. This may surprise you because 
X;, > Xc. However, in a parallel circuit, the smaller quantity has the greater effect on the 
total current because its current is the greatest. Similar to the case of resistances in paral- 
lel, the smaller reactance draws more current and has the greater effect on the total Z. 

In this circuit, the total current leads the total voltage by a phase angle of 45°. 


Related Problem If the frequency in Figure 17-20 increases, does the impedance increase or decrease? 


Conductance, Susceptance, and Admittance 


The concepts of conductance (G), capacitive susceptance (Bc), inductive susceptance (B;) 
and admittance (Y) were discussed in Chapters 15 and 16. The phasor formulas are restated 


here. 
G= RZ0° GZ0° Equation 17-6 
E-= wae = Bc Z90° = jBc Equation 17-7 
B, = ar = B,Z—90° = —jB, Equation 17-8 
¥= os = YZ+0 = G + jBc — jBy, Equation 17-9 


As you know, the unit of each of these quantities is the siemens (S). 


EXAMPLE 17-9 For the RLC circuit in Figure 17-21 determine the conductance, capacitive suscep- 
tance, inductive susceptance, and total admittance. Also, determine the impedance. 
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é R % Re 
I 10kO0, 5kO i] 10kO 

ce =~ 1000 pS 

RZ0° 10 Z0°kQ 

1 I 

B- = —— = —————— _ = 100 290° pS 

Be = 7-00 ~ 102—90°kO oH 

a  —. _ 2097-90" pS 


Yio. = G + jBc — JB, = 100 US + j100 uS — j200 uS 
= 100uS — jl00uS = 141.47 — 45° pS 


jou can determine Zjor. 


1 ] 


= = ———— = 707 245° kO 
Yio. 141.42—45° pS is 


Lio 


it in Figure 17-21 predominately inductive or predominately capacitive? 


eactance is 60 ©, and the inductive 
ly capacitive or inductive? 
tin which R = 1.0k0,X¢ = 5000, 


17-5 ANALYSIS OF PARALLEL RLC Circuits 


As you have learned, the smaller reactance in a parallel circuit dominates because it 
results in the larger branch current. 


After completing this section, you should be able to 
« Analyze parallel RIC circuits 
Explain how the currents are related in terms of phase 


Calculate impedance, currents, and voltages 


Recall that capacitive reactance varies inversely with frequency and that inductive reac- 
tance varies directly with frequency. In a parallel RLC circuit at low frequencies, the in- 
ductive reactance is less than the capacitive reactance; therefore, the circuit is inductive. As 
the frequency is increased, X, increases and X¢ decreases until a value is reached where 
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X,, = Xc. This is the point of parallel resonance. As the frequency is increased further, 
Xc becomes smaller than X;, and the circuit becomes capacitive. 


Current Relationships 


In a parallel RLC circuit, the current in the capacitive branch and the current in the induc- 
tive branch are always 180° out of phase with each other (neglecting any coil resistance). 
Because Jc and I; add algebraically, the total current is actually the difference in their mag- 
nitudes. Thus, the total current into the parallel branches of L and C is always less than the 
largest individual branch current, as illustrated in Figure 17—22 and in the waveform dia- 
gram of Figure 17—23. Of course, the current in the resistive branch is always 90° out of 
phase with both reactive currents, as shown in the current phasor diagram of Figure 17—24. 


& FIGURE 17-22 
The total current into the parallel combination of C and L is the difference of the two branch currents 


Tey << FIGURE 17-23 


Ic and I, effectively subtract. 
I, 


« FIGURE 17-24 


Typical current phasor diagram for a 
parallel RLC circuit. 
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The total current can be expressed as 


I 
Equation 17-10 lor = Vik + Uc - TP Ztan-"( ©) 


R 


where Icy is Ic — I, the total current into the L and C branches. 


EXAMPLE 17-10 For the circuit in Figure 17—25 find each branch current and the total current Draw a 
diagram of their relationship. 


FIGURE 17-25 


Vv R Xc x 


Y & 
5Z0°V 22kO, | 5kO 10kO, 


Solution Use Ohm’s law to find each branch current in phasor form. 


We SAU \V 5 
See = soon 2272 mA 
V 5Z0°V 
Ic = = = ————— = 190° mA 
CX. 5Z—-90°KO = 
Vv, eV 
= 57-90 mA 


LE X,  10290°KO 
The total current is the phasor sum of the branch currents. By Kirchhoff’s law, 
Lo =Irnt+Ic +h 
= 2.27Z0° mA + 1290°mA + 052—90° mA 
= 2.27mA + jlmA — j0.SmA = 2.27mA + j0.5mA 


Converting to polar form yields 


I 
= Vi iF Zant( <4) 


R 


05mA, 
2.27 mA 


The total current is 2.32 mA leading V, by 12.4°. Figure 17-26 is the current phasor 
diagram for the circuit. 


= V(2.27 mA)? + 0.5 may Ztan( ) = 2.32.712.4° mA 


FIGURE 17-26 


Related Problem Will total current increase or decrease if the frequency in Figure 17—25 is increased? 
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ee 
= 1500, X¢ = 1000, and X,; = 50 © . Deter- 
Va 12V. 

is 2.8 7 —38.9° kQ. Is the circuit capacitive or 


17-6 PARALLEL RESONANCE 


In this section, we will first look at the resonant condition in an ideal parallel LC cir- 
cuit (no winding resistance). Then, we will examine the more realistic case where the 
resistance of the coil is taken into account. 


After completing this section, you should be able to 


¢ Analyze a circuit for parallel resonance 


Condition for Ideal Parallel Resonance 


Ideally, parallel resonance occurs when Xc = X;. The frequency at which resonance oc- 
curs is called the resonant frequency, just as in the series case. When X¢ = Xz, the two 
branch currents, Jc and J,, are equal in magnitude, and, of course, they are always 180° out 
of phase with each other. Thus, the two currents cancel and the total current is zero, as 
shown in Figure 17-27. 


(a) Parallel circuit at resonance (X- = X;, Z= =) (b) Current phasors (c) Current waveforms 


& FIGURE 17-27 
An ideal parallel LC circuit at resonance. 


Since the total current is zero, the impedance of the parallel LC circuit is infinitely large 
(~). These ideal resonant conditions are stated as follows: 


X, = Xc 
Z,=© 
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© FIGURE 17-29 


Generalized impedance curve for a 


parallel resonant circuit. The circuit 
is inductive below f,, resistive at f,, 
and capacitive above f,. 


Parallel Resonant Frequency 


For an ideal (no resistance) parallel resonant circuit, the frequency at which resonance 
occurs is determined by the same formula as in series resonant circuits; that is, 


Tank Circuit 


The parallel resonant LC circuit is often called a tank circuit. The term tank circuit refers 
to the fact that the parallel resonant circuit stores energy in the magnetic field of the coil 
and in the electric field of the capacitor. The stored energy is transferred back and forth be- 
tween the capacitor and the coil on alternate half-cycles as the current goes first one way 
and then the other when the inductor deenergizes and the capacitor charges, and vice versa. 
This concept is illustrated in Figure 17-28. 


(a) The coil deenergizes as the capacitor charges. (b) The capacitor discharges as the coil energizes. 


4 FIGURE 17-28 


Energy storage in an ideal parallel resonant tank circuit. 


Variation of the Impedance with Frequency 


Ideally, the impedance of a parallel resonant circuit is infinite. In practice, the impedance 
is maximum at the resonant frequency and decreases at lower and higher frequencies, as 
indicated by the curve in Figure 17-29. 


~F 


A EN oY ees Xc< X, 


0 


I 
| 
| 
! 
I 
I 
I 
I 
I 
1 
I 
I 
I 

f, 


At very low frequencies, X; is very small and X¢ is very high, so the total impedance is 
essentially equal to that of the inductive branch. As the frequency goes up, the impedance 
also increases, and the inductive reactance dominates (because it is less than Xc) until the 
resonant frequency is reached. At this point, of course, X, = X¢ (for @ > 10) and the 
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impedance is at its maximum. As the frequency goes above resonance, the capacitive reac- 
tance dominates (because it is less than X;) and the impedance decreases. 


Current and Phase Angle at Resonance 


In the ideal tank circuit, the total current from the source at resonance is zero because the im- 
pedance is infinite. In the nonideal case when the winding resistance is considered, there is some 
total current at the resonant frequency, and it is determined by the impedance at resonance. 
Vs 
Lot = ee 


ip 


Equation 17-11 


The phase angle of the parallel resonant circuit is 0° because the impedance is purely 
resistive at the resonant frequency. 


Effect of Winding Resistance on the Parallel Resonant Frequency 
When the winding resistance is considered, the resonant condition can be expressed as 
Qo? + ‘) I 

2af,-L = 
"hr ( ee 2nf,C 


where Q is the quality factor of the coil, X,/Ry. Solving for f,. in terms of Q yields 


ae ee Se: : 
i ICN G41 Equation 17-12 


When Q = 10, the term with the Q factors is approximately 1. 


ne 100 a 
ener = 0.995 =1 


Therefore, the parallel resonant frequency is approximately the same as the series resonant 
frequency as long as Q is equal to or greater than 10. 


1 
tr = ONE 


A precise expression for f, in terms of the circuit component values is 
f= V1 — (Ri CIL) 
3 27 VLC 


This precise formula is seldom necessary and the simpler equation f, = 1/(2a VLC) is suf- 
ficient for most practical situations. A derivation of Equation 17—13 is given in Appendix B. 


forQ = 10 


Equation 17-13 


Aa 
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= 2.32 kHz 


imate formula, f, = 1/(277VLC), can be used. 
n or greater than 2.32 kHz? 


calculated results in this example and to 
problem. 


at parallel resonance? 


This completes the coverage of parallel reactive circuits. Coverage of series- 
parallel reactive circuits begins in Chapter 15, Part 3, on page 635. 


17-7 ANALYSIS OF SERIES-PARALLEL RLC Circuits 


In this section, series and parallel combinations of R, L, and C components are 
analyzed in specific examples. Also, conversion of a series-parallel circuit to an 
equivalent parallel circuit is covered and resonance in a nonideal parallel circuit 
is considered. 


After completing this section, you should be able to 
¢ Analyze series-parallel RLC circuits 
¢ Determine currents and voltages 
¢ Convert a series-parallel circuit to an equivalent parallel form 
¢ Analyze nonideal (with coil resistance) parallel circuits for parallel resonance 


« Examine the effect of a resistive load on a tank circuit 


The following two examples illustrate an approach to the analysis of circuits with both 
series and parallel combinations of resistance, inductance, and capacitance. 


- . 
EXAMPLE 17-12 In Figure 17-31, find the voltage across the capacitor in polar form Is this circuit 
predominantly inductive or capacitive? 


FIGURE 17-31 
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Solution Use the voltage-divider formula in this analysis. The impedance of the series combina- 
tion of R, and Xz is called Z). In rectangular form, 


Z, = R, + jX, = 10000 + j5000 
Converting to polar form yields 


xX 
Fe Vat x Zean"t( 7) 


J 


500 0 
= V (1000 0)? + (500 Oy? Ztan{ ) = 1118 726.6° 0 


1000 © 
The impedance of the parallel combination of Rj and X¢ is called Z>. In polar form, 
RX, R 
ee (x) 
a | (1000 9)(500 O) Jen v(m ce) 
V(1000 0)? + (500 2 500 9 
Converting to rectangular form yields 


Zz = Zocos 6 + jZpsin 0 
= (447 O)cos(—63.4°) + j447 sin(—63.4°) = 2000 — j400 0 


) = 4472-63.4° 0 


The total impedance Z,,; in rectangular form is 
Lior = Z, + Zp = (1000 0 + 7500 2) + (2000 — 74000) = 12000 + 71000 


Converting to polar form yields 


Zor = V (1200 0)? + (100 OF Lan ( oe) = 1204 74.76° 0 


1200 © 


Now apply the voltage-divider formula to get Vc. 


Zo ) (7 —63.4° 4 
= —— ]¥~-. = | ————— _ ]520° V = 1.862 — 68.2° 
Ve (2 = \390424.76 9 )°~° e oY 


Therefore, Vc is 1.86 V and lags V, by 68.2°. 

The +) term in Z,,;, or the positive angle in its polar form, indicates that the circuit 
is more inductive than capacitive. However, it is just slightly more inductive because 
the angle is small. This result may surprise you, because Xc = X;, = 500 2. How- 
ever, the capacitor is in parallel with a resistor, so the capacitor actually has less ef- 
fect on the total impedance than does the inductor. Figure 17—32 shows the phasor 
relationship of Vc and V,. Although Xc = Xz, this circuit is not at resonance because 
the j term of the total impedance is not zero due to the parallel combination of R and 
Xc. You can see this by noting that the phase angle associated with Z,,, is 4.76° and 
not zero. 


FIGURE 17-32 


Related Problem Determine the voltage across the capacitor in polar form if R, is increased to 2.2 kQ.. 
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EXAMPLE 17-13 For the reactive circuit in Figure 17—33, find the voltage at point B with respect to ground. 


A B 
|- ° 
2kO 1kO 
v, R x Ry 5 
3020° V 10kO 5kO 8kO sas 


FIGURE 17-33 


Solution The voltage (Vz) at point B is the voltage across the open output terminals. Use the 
voltage-divider approach. To do so, you must know the voltage (V,) at point A first; so 
you need to find the impedance from point A to ground as a starting point. | 

The parallel combination of X; and R2 is in series with X¢7. This combination is in 
parallel with R,. Call this impedance from point A to ground, Z,. To find Z,, take the | 

following steps. The impedance of the parallel combination of Ry and X, is called Z;. 


ni a ) mic) 
Z, = (a JB || = 
RS + x? XL 


s. (0) 8" tan 48) = 4.24 758,0°kO 


V(8kOY + 5kO)? 5kO 
Next, combine Z, in series with X-» to get an impedance Zp. 
Z = X~ SE Z, 


= 12—90°kKO, + 4.24258°kO = —f1kO + 2.25kO, + j3.6k0 
2.25kO, + j2.6kO, 


Converting to polar form yields 


2.25 kO, 


6kO 
Zp = V(2.25k0)? + (2.6 KO Ztan( za ) = 3.44249.1°kO, 


Finally, combine Z, and R, in parallel to get Z,. 


g, — Rida_ _ (020° k0)(3.44249.1° KO) 
ATR, +Z  10kO + 2.25kO + j2.6kO 
34.4Z49.1°kO  —_-34.4.749.1°kO 


rere eee = 2.75 237. 1°KO 
12.25kQ, + j2.6kQ = 12.5212.0°kO t : 


The simplified circuit is shown in Figure 17-34. 


FIGURE 17-34 


2.75237.1° kD 


752 @ RLC Circuits AND RESONANCE 


Next, use the voltage-divider principle to find the voltage (V,) at point A in Figure 
17-33. The total impedance is 


Lior = Xei + La 
= 22-—90°kO + 2.75.237.1°kQD = —j2k0D + 2.19kO + 71.66k0 
= 2.19kO — j0.340k0 


Converting to polar form yields 


0.340 


= 2.22 Z—-8.82° kO, 
2.19 kO ) 


Lot = V(219kO + (340K)? Z—tan-( 


The voltage at point A is 


Zs 2.75 237.1°kO 
a V, = | ———_ ]30 70° V = 37.2245.9°V 
e (#4) ? (eee) aed al , 


Next, find the voltage (Vg) at point B by dividing V4 down, as indicated in Figure 
17-35. Vz is the open terminal output voltage. 


Z, ( 4.24. 258° ko ) 
Vp =| — JV, = | —_—_— 37.2 245.9°V = 45.9. 254.8° V 
4 aA A \3.44249.1°kO, 9 45.9 54.8 


Surprisingly, V4 is greater than V,, and Vz is greater than V,! This result is possible 
because of the out-of-phase relationship of the reactive voltages. Remember that X¢- 
and X;, tend to cancel each other. 


FIGURE 17-35 


Related Problem What is the voltage in polar form across C, in Figure 17-33? 


Conversion of Series-Parallel to Parallel 


The particular series-parallel configuration shown in Figure 17—36 is important because it 
represents a circuit having parallel Z and C branches, with the winding resistance of the coil 
taken into account as a series resistance in the L branch. 


FIGURE 17-36 


A series-parallel RLC circuit Ry 
(Q == X/Ry). 
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It is helpful to view the series-parallel circuit in Figure 17—36 in an equivalent parallel 
form, as indicated in Figure 17-37. 


-@ FIGURE 17-37 


Parallel equivalent form of the 


circuit in Figure 17-36. 
Rovea) Leg 


The equivalent inductance, L,,, and the equivalent parallel resistance, Rpieq), are given 
by the following formulas: 


ep 


Ryeq = Ry(Q? a 
where Q is the quality factor of the coil, X;/Ry. Derivations of these formulas are quite in- 
volved and thus are not given here. Notice in the equations that fora Q = 10, the value of 
Leq is approximately the same as the original value of L. For example, if L = 10 mH and 
Q = 10, then 


107 + 1 
Leg = 10mH a 10 mH(1.01) = 10.1 mH 


The equivalency of the two circuits means that at a given frequency, when the same 
value of voltage is applied to both circuits, the same total current is in both circuits and the 
phase angles are the same. Basically, an equivalent circuit simply makes circuit analysis 
more convenient. 


Equation 17-14 


Equation 17-15 


nit in Figure 17~38 to an equivalent parallel form at the 
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rallel resistance is 
= Ry(Q* + 1) = (25 0)(20? + 1) = 10k0 


-e appears in parallel with R, as shown in Figure 17—39(a). 
a total parallel resistance (Ryo) of 3.2 kQ,, as indicated 


Parallel equivalent 
of inductive branch 


in Figure 17-38 
( 
0.022 WF R 16 Cc 
=p p (tot) eq 
3.2kO. 5 mH 0.022 uF 


() Rogrog =F ll Rpt = 3-2 k2 


yarallel circuit if Ry = 10 QO. in Figure 17-38. 


Parallel Resonant Conditions in a Nonideal Circuit 


The resonance of an ideal parallel LC circuit was examined in Section 17-6. Now, let’s 
consider resonance in a tank circuit with the resistance of the coil taken into account. 
Figure 17-40 shows a nonideal tank circuit and its parallel RLC equivalent. 

Recall that the quality factor, Q, of the circuit at resonance is simply the Q of the coil. 


The expressions for the equivalent inductance and the equivalent parallel resistance were 
given in Equations 17-14 and 17-15 as 


For Q = 10, Leg = L, 


® FIGURE 17-40 Lo 
A practical treatment of parallel R 
resonant circuits must include the : 
coil resistance. Cc =e Ryeq Leg Cc 
L 
o- o- 


(a) Nonideal tank circuit (b) Parallel RLC equivalent 


ANALYSIS OF SERIES-PARALLEL RLC Circuits 


At parallel resonance, 
Xtpeq = Xc 


In the parallel equivalent circuit, Req) is in parallel with an ideal coil and a capacitor, so 
the L and C branches act as an ideal tank circuit which has an infinite impedance at reso- 
nance as shown in Figure 17-41. Therefore, the total impedance of the nonideal tank circuit 
at resonance can be expressed as simply the equivalent parallel resistance. 


Z, = RyA@ + 1) 
A derivation of Equation 17-16 is given in Appendix B. 


Equation 17-16 


» FIGURE 17-41 
At resonance, the parallel LC portion appears open and the source sees only Ryieq)- 
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An External Load Resistance Affects a Tank Circuit 


In most practical Situations, an external load resistance appears in parallel with a nonideal 
tank circuit, as shown in Figure 17—43(a). Obviously, the external resistor (R_) will dissi- 
pate more of the energy delivered by the source and thus will lower the overall Q of the 
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Reon 


A FIGURE 17-43 


Tank circuit with a parallel load resistor and its equivalent circuit. 


circuit. The external resistor effectively appears in paralle] with the equivalent parallel re- 
sistance of the coil, R,eq), and both are combined to determine a total parallel resistance, 
Rpwors 28 indicated in Figure 17—43(b). 

Reon = Rx ll Rreq 


The overall Q, designated Qo, for a parallel RLC circuit is expressed differently from 
the Q of a series circuit. 


— Rowen 


Equation 17-17 o= 
XLeq) 


As you can see, the effect of loading the tank circuit is to reduce its overall Q (which is 
equal to the coil Q when unloaded) 


ircuit has a 100 wH inductor with a 2 © winding resistance in paral- 
capacitor. lf Q = 8, determine the parallel equivalent of this circuit. 


parallel inductance and resistance for a 20 mH coil with a winding 
) at a frequency of 1 kHz. 


| 


| 
i 
| 
| 


This completes the coverage of series-parallel circuits. Coverage of special topics 
begins in Chapter 15, Part 4, on page 642. 


.& 


SPECIAL TOPICS 


17-8 BANDWIDTH OF RESONANT CIRCUITS 


The current in a series RLC is maximum at the resonant frequency because the reac- 
tances cancel. The current in a parallel RLC is minimum at the resonant frequency be- 
cause the inductive and capacitive currents cancel. This circuit behavior relates to a 
characteristic called bandwidth. 


After completing this section, you should be able to 
¢ Determine the bandwidth of resonant circuits 
¢ Discuss the bandwidth of series and parallel resonant circuits 
¢ State the formula for bandwidth 
¢ Define half-power frequency 


« Define selectivity 


Series Resonant Circuits 


The current in a series RLC circuit is maximum at the resonant frequency (also known as 
center frequency) and drops off on either side of this frequency. Bandwidth, sometimes ab- 
breviated BW, is an important characteristic of a resonant circuit. The bandwidth is the range 
of frequencies for which the current is equal to or greater than 70.7% of its resonant value. 

Figure 17-44 illustrates bandwidth on the response curve of a series RLC circuit. Notice 
that the frequency f; below f, is the point at which the current is 0.7071,,¢, and is commonly 
called the lower critical frequency. The frequency f) above f,, where the current is again 
0.70 TI max, is the upper critical frequency. Other names for f; and f) are —3 dB frequencies, 
cutoff frequencies, and half-power frequencies. The significance of the latter term is dis- 
cussed later in the chapter. 


@ FIGURE 17-44 


Bandwidth on series resonant 
response curve for /. 
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Equation 17-18 


Equation 17-19 


nant circuit has a maximum current of 100 mA at the resonant 
value of the current at the critical frequencies? 


al frequencies is 70.7% of maximum. 


Tp = [pz = 0.707 pax = 0.707(100 mA) = 70.7 mA 


TESC circuit has a current of 25 mA at the critical frequencies. 
uit ent at resonance? 


Parallel Resonant Circuits 


For a parallel resonant circuit, the impedance is maximum at the resonant frequency; so the 
total current is minimum. The bandwidth can be defined in relation to the impedance curve in 
the same manner that the current curve was used in the series circuit. Of course, f, is the fre- 
quency at which Z is maximum; f} is the lower critical frequency at which Z = 0.707Zingx3 
and f> is the upper critical frequency at which again Z = 0.707Z,,,,,. The bandwidth is the 
range of frequencies between f| and f>, as shown in Figure 17-45. 


» FIGURE 17-45 Lrot 


Bandwidth of the parallel resonant 
response curve for Zyoz- 


Formula for Bandwidth 


The bandwidth for either series or parallel resonant circuits is the range of frequencies be- 
tween the critical frequencies for which the response curve (J or Z) is 0.707 of the maxi- 
mum value. Thus, the bandwidth is actually the difference between f> and fj. 


BW=f.2—-fi 
Ideally, f, is the center frequency and can be calculated as follows: 


eS eae F: 


te 


as a lower critical frequency of 8 kHz and an upper critical fre- 
z Determine the bandwidth and center (resonant) frequency. 


BW = fo — f, = 12kHz — 8kHz = 4kHz 


_ fit _ 12kHz + 8kHz 
2, 2 


if = 10kHz 


f a resonant circuit is 2.5 kHz and its center frequency is 8 kHz, 
and upper critical frequencies? 
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Half-Power Frequencies 


As previously mentioned, the upper and lower critical frequencies are sometimes called the 
half-power frequencies. This term is derived from the fact that the power from the source 
at these frequencies is one-half the power delivered at the resonant frequency. The follow- 
ing shows that this is true for a series circuit. The same end result also applies to a parallel 
circuit. At resonance, 


Prag = Fak 
The power at f, or fo is 
Pp = FAR = (0.701 inqx)’R = (0.707) Prax = 0.5PraxR = 0.5Pmax 


Selectivity 


The response curves in Figures 17-44 and 17-45 are also called selectivity curves. Selec- 
tivity defines how well a resonant circuit responds to a certain frequency and discriminates 
against all others. The narrower the bandwidth, the greater the selectivity. 

We normally assume that a resonant circuit accepts frequencies within its bandwidth 
and completely eliminates frequencies outside the bandwidth. Such is not actually the case, 
however, because signals with frequencies outside the bandwidth are not completely elim- 
inated. Their magnitudes, however, are greatly reduced. The further the frequencies are 
from the critical frequencies, the greater is the reduction, as illustrated in Figure 17-46(a). 
An ideal selectivity curve is shown in Figure 17-46(b). 


Amplitude 


Frequencies between f, and f 

he ee are passed through the filter with 1 
amplitudes no less than 70.7% of 

maximum. 


oe Frequencies outside passband 


are reduced to less than 70.7% 
of maximum and are considered 
to be rejected. 


f f fi 


h 


—— ed 


Passband Passband 


(a) Actual (b) Ideal 


4 FIGURE 17-46 


Generalized selectivity curve. 


As you can see in Figure 17—46, another factor that influences selectivity is the sharpness of 
the slopes of the curve. The faster the curve drops off at the critical frequencies, the more selec- 
tive the circuit is because it responds only to the frequencies within the bandwidth. Figure 17-47 
shows a general comparison of three response curves with varying degrees of selectivity 


Q Affects Bandwidth 


A higher value of circuit Q results in a narrower bandwidth. A lower value of Q causes a 
wider bandwidth. A formula for the bandwidth of a resonant circuit in terms of Q is stated 
in the following equation: 


Equation 17-20 
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Amplitude 


eeu Greatest selectivity 


Medium selectivity 


4 Least sclectis ity 


0 uy 
(th Eee al 
[i BW 1 tel 
(ki | | 
| - i] 
ee 
BWR 


) FIGURE 17-47 
Comparative selectivity curves. 


each circuit in Figure 17-48? 


LS 10mH 
C—=41pF sv, C == 0.0047 uF 
| R= 1000 
(b) 


= 


{8(a), determine the bandwidth as follows: 


i) 2 1 
on - 2arV(200 wH)(47pF) 
= 2a(1.64MHz)(200 wH) = 2.06kO 


= 164 MHz 
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For the circuit in Figure 17-48(b), 


Vi-(RyCL) 1 1 


it~ FaVLC. om VEC 2m VO mFIO.0047 AF) 


= 23 2 kHz 


Xp = 2af,L = 2m(23.2 kHz)\(10 mH) = 1.46kO 


Related Problem Change C in Figure 17-48(a) to 1000 pF and determine the bandwidth. 


- = Use Multisim files E17-18A and E17-18B to verify the calculated results in this exam- 
all ple and to confirm your calculation for the related problem. 


ndwidth when fj = 2.2 MHz and f,; = 1.8 MHz? 
circuit with the critical frequencies in Question 1, what is the center 


sipated at resonance is 1.8 W. What is the power at the upper critical fre- 


17-9 APPLICATIONS 


Resonant circuits are used in a wide variety of applications, particularly in communi- 
cation systems. In this section, we will look briefly at a few common communication 
systems applications to illustrate the importance of resonant circuits in electronic com- 
munication. 


After completing this section, you should be able to 
« Discuss some applications of resonant circuits 
« Describe a tuned amplifier application 
¢ Describe antenna coupling 
¢ Describe tuned amplifiers 
¢ Describe signal separation in a receiver 


¢ Describe a radio receiver 


Tuned Amplifiers 


A tuned amplifier is a circuit that amplifies signals within a specified band. Typically, a 
parallel resonant circuit is used in conjunction with an amplifier to achieve the selectivity. 
In terms of the general operation, input signals with frequencies that range over a wide 
band are accepted on the amplifier’s input and are amplified. The resonant circuit allows 
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only a relatively narrow band of those frequencies to be passed on. The variable capacitor 
allows tuning over the range of input frequencies so that a desired frequency can be se- 
lected, as indicated in Figure 17-49. 


Output 


ooo Variable C 


» FIGURE 17-49 
A basic tuned band-pass amplifier. 


Antenna Input to a Receiver 


Radio signals are sent out from a transmitter via electromagnetic waves that propagate 
through the atmosphere. When the electromagnetic waves cut across the receiving antenna, 
small voltages are induced. Out of all the wide range of electromagnetic frequencies, only 
one frequency or a limited band of frequencies must be extracted. Figure 17—50 shows a typ- 
ical arrangement of an antenna coupled to the receiver input by a transformer. A variable ca- 
pacitor is connected across the transformer secondary to form a parallel resonant circuit. 


Antenna 


Parallel resonant 
circuit 


To receiver 
input 


Coupling 
transformer 


> 


A FIGURE 17-50 


Resonant coupling from an antenna. 


Double-Tuned Transformer Coupling in a Receiver 


In some types of communication receivers, tuned amplifiers are transformer-coupled to- 
gether to increase the amplification. Capacitors can be placed in parallel with the primary 
and secondary windings of the transformer, effectively creating two parallel resonant band- 
pass filters that are coupled together. This technique, illustrated in Figure 17-51, can result 
in a wider bandwidth and steeper slopes on the response curve, thus increasing the selec- 
tivity for a desired band of frequencies. 


APPLICATIONS 


Pe Oe 


» FIGURE 17-51 


Double-tuned amplifiers. 


Signal Reception and Separation in a TV Receiver 


A television receiver must handle both video (picture) signals and audio (sound) signals. 
Each TV transmitting station is allotted a 6 MHz bandwidth. Channel 2 is allotted a band 
from 54 MHz through 59 MHz, channel 3 is allotted a band from 60 MHz through 65 MHz, 
on up to channel 13 which has a band from 210 MHz through 215 MHz. You can tune the 
front end of the TV receiver to select any one of these channels by using tuned amplifiers. 
The signal output of the front end of the receiver has a bandwidth from 41 MHz through 
46 MHz, regardless of the channel that is tuned in. This band, called the intermediate fre- 
quency (IF) band, contains both video and audio. Amplifiers tuned to the IF band boost the 
signal and feed it to the video amplifier. 

Before the output of the video amplifier is applied to the picture tube, the audio signal 
is removed by a 4.5 MHz band-stop resonant circuit (called a wave trap filter), as shown in 
Figure 17-52. This trap keeps the sound signal from interfering with the picture. The video 
amplifier output is also applied to band-pass circuits that are tuned to the sound carrier fre- 
quency of 4.5 MHz. The sound signal is then processed and applied to the speaker as indi- 
cated in Figure 17-52. 


Audio IF Audio 
: : FM 
d Speak 
Audio IF amplifier detecig peal _ 


wan a 


Audio amplifier 


Band-pass resonant circuit (filter) 
f,=4.5 MHz 


Video + audio ; 
Video 


From video 
IF section 


a 
Video Band-stop resonant - 


amplifier circuit (filter) 
f-=4.5 MHz Cathode-ray tube 
(wave trap) 
FIGURE 17-52 
A simplified portion of a TV receiver showing filter usage. 


Superheterodyne Receiver 


Another good example of resonant circuit (filter) applications is in the common AM (am- 
plitude modulation) receiver. The AM broadcast band ranges from 535 kHz to 1605 kHz. 


Sound 


e 
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535 
electromagnetic 


kHz—1605 kHz 


waves 
Amplitude-modulated 455 kHz AM 
600 kHz carrier carrier Envelope Audio signal 


ee, 


Tuning 
control 


I rg TN r_ = 
— v8 
Audio ‘ 
aril detector a. ~_ 
Z — ampl. ’ 
~ ™~ 
= Sound 


a 
Mixer 
| etl 
WM f= 455 kHz 


1055 kHz 
LO 


Local 
oscillator 


2 f= 1055 kHz 


Front end 


A FIGURE 17-53 
A simplified diagram of a superheterodyne AM radio broadcast receiver showing an example of the 
application of tuned resonant circuits. 


Each AM station is assigned a 10 kHz bandwidth within that range. A simplified block di- 
agram of a superheterodyne AM receiver is shown in Figure 17-53. 

The tuned circuits are designed to pass only the signals from the desired radio station, re- 
jecting all others. To reject stations outside the one that is tuned, the tuned circuits must be 
selective, passing on only the signals in the 10 kHz band and rejecting all others. Too much 
selectivity is not desirable either however. If the bandwidth is too narrow, some of the higher 
frequency modulated signals will be rejected, resulting in a loss of fidelity. Ideally, the res- 
onant circuit must reject signals that are not in the desired passband. 

In this system, there are basically three parallel resonant circuits in the front end of the re- 
ceiver. Each of these resonant circuits is gang-tuned by capacitors; that is, the capacitors are 
mechanically or electronically linked together so that they change together as the tuning knob 
is turned. The front end is tuned to receive a desired station, for example, one that transmits 
at 600 kHz. The input resonant circuit from the antenna and the RF (radio frequency) ampli- 
fier resonant circuit select only a frequency of 600 kHz out of all the frequencies crossing the 
antenna. 

The actual audio (sound) signal is carried by the 600 kHz carrier frequency by modulating 
the amplitude of the carrier so that it follows the audio signal as indicated. The variation in the 
amplitude of the carrier corresponding to the audio signal is called the envelope. The 600 kHz 
is then applied to a circuit called the mixer. 

The local oscillator (LO) is tuned to a frequency that is 455 kHz above the selected fre- 
quency (1055 kHz, in this case). By a process called heterodyning or beating, the AM sig- 
nal and the local oscillator signal are mixed together, and the 600 kHz AM signal is 
converted by the mixer to a 455 kHz AM signal (1055 kHz — 600 kHz = 455 kHz). 

The 455 kHz is the intermediate frequency (IF) for standard AM receivers. No matter 
which station within the broadcast band is selected, its frequency is always converted to the 
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455 kHz IF. The amplitude-modulated IF is amplified by the IF amplifier which is tuned to 
455 kHz. The output of the IF amplifier is applied to an audio detector which removes the 
IF, leaving only the envelope which is the audio signal. The audio signal is then amplified 
and applied to the speaker. 


A Circuit Application 


In the Chapter 11 circuit application, { frequency selection and then converting that selected frequency to 
you worked with a receiver system to i a standard intermediate frequency (IF). AM radio stations transmit 
learn basic ac measurements. In this in the frequency range from 535 kHz to 1605 kHz. The purpose of 
chapter, the receiver is again used to the RF amplifier is to take the signals picked up by the antenna, 
illustrate one application of resonant circuits. We will focus on a reject all but the signal from the desired station, and amplify it to a 
part of the “front end” of the receiver system that contains reso- : higher level. 


nant circuits. Generally, the front end includes the RF amplifier, A schematic of the RF amplifier is shown in Figure 17-55. 

the local oscillator, and the mixer. In this circuit application, the The parallel resonant tuning circuit consists of L, C, and C>. 

RF amplifier is the focus. A knowledge of amplifier circuits is This particular RF amplifier does not have a resonant circuit on 

not necessary at this time. the output. C, is a varactor, which is a semiconductor device that 
A basic block diagram of an AM radio receiver is shown in : you will learn more about in a later course. All that you need to 

Figure 17-54. In this particular system, the “front end” includes know at this point is that the varactor is basically a variable ca- 

the circuitry used for tuning in a desired broadcasting station by pacitor whose capacitance is varied by changing the dc voltage 

Antenna 


Volume control 


Speaker 


RF amplifier | IF amplifier Audio 
preamplifier © 
et = Audio 
oscillator 


I 

I 

! 

| 

I 

| 

| | 
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I 

i] 
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I 
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» FIGURE 17-54 


Simplified block diagram of a basic radio receiver. 
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» FIGURE 17-55 


Partial schematic of the RF amplifier 
showing the resonant tuning circuit. 


From antenna 


+9Vdc 
© 


across it. In this circuit, the dc voltage comes from the wiper of 
the potentiometer used for tuning the receiver. 

The voltage from the potentiometer can be varied from +1 V 
to +9 V. The particular varactor used in this circuit can be var- 
ied from 200 pF at 1 V to 5 pF at 9 V. The capacitor C2 is a trim- 
mer capacitor that is used for initially adjusting the resonant 
circuit. Once it is preset, it is left at that value. Cy and C2 are in 
parallel and their capacitances add to produce the total capaci- 


tance for the resonant circuit. C3 has a minimal effect on the res- | 


onant circuit and can be ignored. The purpose of C3 is to allow 


the de voltage to be applied to the varactor while providing an ac ; 


ground, 

Tn this circuit application, you will work with the RF ampli- 
fier circuit board in Figure 17—56. Although all of the amplifier 
components are on the board, the part that you are to focus on is 
the resonant circuit indicated by the highlighted area. 


Ground 


To mixer © 


4 FIGURE 17-56 


RF amplifier circuit board. 


+9Vdce 
O 


Tuned RF amplifier 


Parallel resonant circuit To mixer 


Ny Tuning potentiometer 
located on front panel 


; Capacitance in the Resonant Circuit 


® Calculate a capacitance setting for Cz that will ensure a com- 
plete coverage of the AM frequency band as the varactor is 
varied over its capacitance range. C3 can be ignored. The full 
range of resonant frequencies for the tuning circuit should 
more than cover the AM band, so that at the maximum varac- 
tor capacitance, the resonant frequency will be less than 
535 kHz and at the minimum varactor capacitance, the reso- 
nant frequency will be greater than 1605 kHz. 


@ Using the value of C> that you have calculated, determine the 
values of the varactor capacitance that will produce a reso- 
nant frequency of 535 kHz and 1605 kHz, respectively. 


; Testing the Resonant Circuit 


; © Suggest a procedure for testing the resonant circuit using the 
instruments in the test bench setup of Figure 17-57. Develop 
a test setup by creating a point-to-point hook-up of the board 
! and the instruments. 


® Using the graph in Figure 17—58 that shows the variation in 
varactor Capacitance versus varactor voltage, determine the 
resonant frequency for each indicated setting from the B out- 
puts of the de power supply (rightmost output terminals). The 
A output of the power supply is used to provide 9 V to the 
amplifier. The B output of the power supply is used to simu- 
late the potentiometer voltage. 


i Review 


1. What is the AM frequency range? 


; 2. State the purpose of the RF amplifier. 
! 3. Howisa particular frequency in the AM band selected? 


A CirRcUuIT APPLICATION 


3 SSeeao a 
Seeuen @ OG 


Setting | Setting 2 Setting 3 
Power Supply 
Output B | 
. | by | [ Iv fi 
and 
© ®) Setting 4 sae 5 


» FIGURE 17-57 
Test bench setup. 
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® FIGURE 17-58 


Varactor capacitance versus voltage. 


C (pF) 


2345 (6) 7 8) 79 10 


X, and X¢ have opposing effects in an RLC circuit. 

In a series RLC circuit, the larger reactance determines the net reactance of the circuit. 
At series resonance, the inductive and capacitive reactances are equal. 

The impedance of a series RLC circuit is purely resistive at resonance. 

In aseries RLC circuit, the current is maximum at resonance. 


-¢¢¢ ¢ @ 


The reactive voltages V; and V¢- cancel at resonance in a series RLC circuit because they are equal 
in magnitude and 180° out of phase. 

In a parallel RLC circuit, the smaller reactance determines the net reactance of the circuit. 

In a parallel resonant circuit, the impedance is maximum at the resonant frequency. 

A parallel resonant circuit is commonly called a tank circuit. 

The impedance of a parallel RLC circuit is purely resistive at resonance. 


¢¢¢ ¢ ¢ 


The bandwidth of a series resonant circuit is the range of frequencies for which the current is 

0.707 inax OF greater. 

® The bandwidth of a paralle] resonant circuit is the range of frequencies for which the impedance 
is 0.707Z,,,, OF greater. 

® The critical frequencies are the frequencies above and below resonance where the circuit response 

is 70.7% of the maximum response. 


® A higher Q produces a narrower bandwidth. 


Key terms and other bold terms in the chapter are defined in the end-of-book glossary. 


Half-power frequency The frequency at which the output power of a resonant circuit is 50% of the 
maximum (the output voltage is 70.7% of maximum); another name for critical or cutoff frequency. 


Parallel resonance A condition in a parallel RLC circuit in which the reactances ideally are equal 
and the impedance is maximum. 


Resonant frequency The frequency at which resonance occurs; also known as the center fre- 
quency. 


Selectivity A measure of how effectively a resonant circuit passes certain desired frequencies and 
rejects all others. Generally, the narrower the bandwidth, the greater the selectivity. 


FORMULAS @ 769 


Series resonance A condition in a series RLC circuit in which the reactances ideally cancel and the 
impedance is minimum. 


Tank circuit A parallel resonant circuit. 
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Answers are at the end of the chapter. 


J. The total reactance of a series RLC circuit at resonance is 
(a) zero (b) equal to the resistance (c) infinity (d) capacitive 

2. The phase angle between the source voltage and current of a series RLC circuit at resonance is 
(a) —90° (b) +90° (c) 0° (d) dependent on the reactance 


3. The impedance at the resonant frequency of a series RLC circuit with L = 15 mH C = 0.015 pF, 
and Ry = 800 is 


(a) 15kO (b) 800 (c) 300 (d) 00 
4. Ina series RLC circuit that is operating below the resonant frequency, the current 
(a) is in phase with the applied voltage (b) lags the applied voltage 
(c) leads the applied voltage 
5. If the value of C ina series RLC circuit is increased, the resonant frequency 
(a) is not affected (b) increases (c) remains the same (d) decreases 


6. In a certain series resonant circuit, Ve = 150 V, V; = 150 V, and Vz = 50 V. The value of the 
source voltage is 


(a) 150V (b) 300 V (c) 50V (d) 350 V 


7. A certain series resonant circuit has a bandwidth of 1 kHz. If the existing coil is replaced with 
one having a lower value of Q, the bandwidth will 


(a) increase (b) decrease (c) remain the same (d) be more selective 
8. At frequencies below resonance in a parallel RLC circuit, the current 
(a) leads the source voltage (b) lags the source voltage 
(c) is in phase with the source voltage 
9. The total current into the L and C branches of a parallel circuit at resonance is ideally 
(a) maximum (b) low (c) high (d) zero 
10. To tune a parallel resonant circuit to a lower frequency, the capacitance should be 
(a) increased (b) decreased (c) left alone (d) replaced with inductance 
11. The resonant frequency of a parallel circuit is approximately the same as a series circuit when 
(a) the Q is very low (b) the Q is very high 
(c) there is no resistance (d) either answer (b) or (c) 
12. If the resistance in parallel with a parallel resonant circuit is reduced, the bandwidth 
(a) disappears (b) decreases 


(c) becomes sharper (d) increases 


|AMICS 


Answers are at the end of the chapter. 


Refer to Figure 17-60. 
1. If R, opens, the total current 
(a) increases (b) decreases (c) stays the same 
2. If C, opens, the voltage across C2 
(a) increases (b) decreases (c) stays the same 
3. If Ly opens, the voltage across it 


(a) increases (b) decreases (c) stays the same 


Refer to Figure 17-63. 
4. If L opens, the voltage across R 


(a) increases (b) decreases (c) stays the same 
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5. If fis adjusted to its resonant value, the current through R 


(a) increases (b) decreases (c) stays the same 


Refer to Figure 17-64. 
6. If L is increased to 100 mH, the resonant frequency 
(a) increases (b) decreases (ce) stays the same 
7. If C is increased to 100 pF, the resonant frequency 
(a) increases (b) decreases (c) stays the same 
8. If L becomes open, the voltage across C 
(a) increases 


(b) decreases (c) stays the same 


Refer to Figure 17-66. 
9. If Rp becomes open, the voltage across L 
(a) increases (b) decreases (c) stays the same 

10. If C becomes shorted, the voltage across R} 
(b) decreases 


(a) increases (c) stays the same 


Refer to Figure 17-69. 

11. If Z, opens, the voltage from point a to point b 
(b) decreases 
12. If the frequency of the source is increased, the voltage from a to b 
(b) decreases 
13. If the frequency of the source voltage is increased, the current through R; 


(a) increases (c) stays the same 


(a) increases (c) stays the same 


(a) increases (b) decreases (c) stays the same 
14. If the frequency of the source voltage is decreased, the voltage across C 
(b) decreases 


(a) increases (c) stays the same 


More difficult problems are indicated by an asterisk (*). 
Answers to odd-numbered problems are at the end of the book. 


PART 1: SERIES CIRCUITS 


Impedance of Series RLC Circuits 


J. A certain series RLC circuit has the following values: R = 10 0, C = 0.047 pF, and L = 5 mH. 
Determine the impedance in polar form. What is the net reactance? The source frequency is 
5 kHz. 


2. Find the impedance in Figure 17-59, and express it in polar form. 


3. If the frequency of the source voltage in Figure 17-59 is doubled from the value that produces 
the indicated reactances, how does the magnitude of the impedance change? 


4. For the circuit of Figure 17-59, determine the net reactance that will make the impedance mag- 
nitude equal to 100 0. 


» FIGURE 17-59 
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Analysis of Series RLC Circuits 
5. For the circuit in Figure 17—59, find I,,,, Vr, Vz, and Vc in polar form. 
6. Draw the voltage phasor diagram for the circuit in Figure 17-59. 
7. Analyze the circuit in Figure 17—60 for the following (f = 25 kHz): 


(a) Tro (b) Prue (c) P, (d) P, 
R, 
2200 
Ry Ly Ly 
Vv 390 O O05mH ImH G (C5 
120° V 


» FIGURE 17-60 


Series Resonance 


8. For the circuit in Figure 17—59, is the resonant frequency higher or lower than the setting indi- 
cated by the reactance values? 


9. For the circuit in Figure 17—61, what is the voltage across R at resonance? 
10. Find X;, X¢, Z, and J at the resonant frequency in Figure 17-61. 


> FIGURE 17-61 R L 


12V 


11. A certain series resonant circuit has a maximum current of 50 mA and a V;, of 100 V. The ap- 
plied voltage is 10 V. What is Z? What are X; and X¢? 


12. For the RLC circuit in Figure 17-62, determine the resonant frequency. 
13. What is the value of the current at the half-power points in Figure 17-62? 


14. Determine the phase angle between the applied voltage and the current at the critical frequen- 
cies in Figure 17-62. What is the phase angle at resonance? 


*15. Design a circuit in which the following series resonant frequencies are switch-selectable: 


(a) 500 kHz (b) 1000 kHz (c) 1500 kHz (d) 2000 kHz 
> FIGURE 17-62 R L 


100, 
0.015 uF 


0.008 mH 
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PART 2: PARALLEL CIRCUITS 


Impedance of Parallel RLC Circuits 
16. Express the impedance of the circuit in Figure 17—63 in polar form. 
17. Is the circuit in Figure 17-63 capacitive or inductive? Explain. 


18. At what frequency does the circuit in Figure 17-63 change its reactive characteristic (from 
inductive to capacitive or vice versa)? 


» FIGURE 17-63 


Cc 
0.022 uF 


Analysis of Parallel RLC Circuits 

19. For the circuit in Figure 17-63, find all the currents and voltages in polar form. 
20. Find the total impedance of the circuit in Figure 17-63 at 50 kHz. 

21. Change the frequency to 100 kHz in Figure 17-63 and repeat Problem 19. 


Parallel Resonance 
22. What is the impedance of an ideal parallel resonant circuit (no resistance in either branch)? 
23. Find Z at resonance and f, for the tank circuit in Figure 17-64. 


24. How much current is drawn from the source in Figure 17—64 at resonance? What are the induc- 
tive current and the capacitive current at the resonant frequency? 


25. Find Prue, P,, and P, in the circuit of Figure 17-64 at resonance. 


» FIGURE 17-64 


47 pF 


PART 3: SERIES-PARALLEL CIRCUITS 


SECTION 17-7 Analysis of Series-Parallel RLC Circuits 


26. Find the total impedance for each circuit in Figure 17-65. 


Xr R 
1000 12kO 
Xe 
120° V 1500 220 © Vv, x, 
620° V 10k 8kQ 
(a) (b) 


» FIGURE 17-65 
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27. For each circuit in Figure 17-65, determine the phase angle between the source voltage and the 
total current. 


28. Determine the voltage across each element in Figure 17-66, and express each in polar form. 


29. Convert the circuit in Figure 17—66 to an equivalent series form. 


> FIGURE 17-66 R 
33 kQ Ry 
V, . 22 kO 
12Z0° V as 
f = 2kHz 


30. What is the current through Rj in Figure 17-67? 
31. In Figure 17-67, what is the phase angle between J, and the source voltage? 


» FIGURE 17-67 


V, 
11520° V 
f = 60Hz 


*32. Determine the total resistance and the total reactance in Figure 17-68. 


*33. Find the current through each component in Figure 17-68. Find the voltage across each 
component. 


Vs 
100° V 


» FIGURE 17-68 


34. Determine if there is a value of C that will make V,, = 0 V in Figure 17-69. If not, explain. 


*35. If the value of C is 0.22 PF, what is the current through a 100 2 resistor connected from a to b 
in Figure 17-69? 


® FIGURE 17-69 
G 
2. 


v, 1800 
120° V a b 
f= 3kHz in L 
12 mH 8 mH 
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*36. How many resonant frequencies are there in the circuit of Figure 17-70? Why? 


*37. Determine the resonant frequencies and the output voltage at each frequency in Figure 17—70. 


® FIGURE 17-70 


*38. Design a parallel-resonant network using a single coil and switch-selectable capacitors to 
produce the following resonant frequencies: 8 MHz, 9 MHz, 10 MHz, and 11 MHz. Assume 
a 10 4H coil with a winding resistance of 5 0. 


PART 4: SPECIAL TOPICS 


SECTION 17-8 Bandwidth of Resonant Circuits 


39. At resonance, X; = 2kQ, and Ry = 25 O ina parallel RLC circuit. The resonant frequency 
is 5 kHz. Determine the bandwidth. 


40. If the lower critical frequency is 2400 Hz and the upper critical frequency is 2800 Hz, what is 
the bandwidth? What is the resonant frequency? 


41. Ina certain RLC circuit, the power at resonance is 2.75 W. What is the power at the lower 
critical frequency? 


*42, What values of L and C should be used in a tank circuit to obtain a resonant frequency of 
8 kHz? The bandwidth must be 800 Hz. The winding resistance of the coil is 10 ©. 


43. A parallel resonant circuit has a Q of 50 and a BW of 400 Hz. If Q is doubled, what is the 
bandwidth for the same f,? 


Multisim Troubleshooting and Analysis 
i These problems require your Multisim CD-ROM. 

44. Open file P17-44 and determine if there is a fault. If so, find the fault. 
45. Open file P17-45 and determine if there is a fault. If so, find the fault. 
46. Open file P17-46 and determine if there is a fault. If so, find the fault. 
47. Open file P17-47 and determine if there is a fault. If so, find the fault. 
48. Open file P17-48 and determine if there is a fault. If so, find the fault. 
49, Open file P17-49 and determine if there is a fault. If so, find the fault. 
50. Open file P17-50 and determine the resonant frequency of the circuit. 
51. Open file P17-51 and determine the resonant frequency of the circuit. 


ANSWERS 


SECTION 17-1 Impedance of Series RLC Circuits 
1. Xj, = 70 O; capacitive 
2. Z = 84.32—56.1° 0; Z = 84.3 0; 6 = —56.1°; current is leading V,. 


SECTION REVIEWS 
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SECTION 17-2 Analysis of Series RLC Circuits 
1. V, = 3842-21.3°V 
2. Current leads the voltage. 
3. Xo, = 600 © 


SECTION 17-3 Series Resonance 
1. For series resonance, X; = Xc. 
2. The current is maximum because the impedance is minimum. 
3. f, = 159 kHz 
4. The circuit is capacitive. 


SECTION 17-4 Impedance of Parallel RLC Circuits 
1. The circuit is capacitive. 
2. Y = 1.54249.4° mS 
3. Z = 651 2Z—49.4° 0 


SECTION 17-5 Analysis of Parallel RLC Circuits 
1. Ip = 80mA, Ic = 120 mA, I; = 240mA 
2. The circuit is capacitive. 


SECTION 17-6 Parallel Resonance 
1. Impedance is maximum at parallel resonance 


2. The current is minimum. 


3. Xc = 15002, 
4. f, = 225kHz 
5. f. = 22.5kHz 
6. f. = 20.9kHz 


SECTION 17-7 Analysis of Series-Parallel RLC Circuits 
1. Reeg) = 130 Q, Leg = 101.6 pH, C = 0.22 pF 
2. Leq) = 20.1 MH, Ryeg) = 1.59kO 


SECTION 17—8 Bandwidth of Resonant Circuits 
1. BW = fp — fy = 400 kHz 
2. f, = 2MHz 
3. Pro = 0.9W 


4. Larger Q means narrower BW. 


SECTION 17-9 Applications 
1. A tuned filter is used to select a narrow band of frequencies. 
2. A wave trap is a band-stop filter. 


3. Ganged tuning is done with several capacitors (or inductors) whose values can be varied simul- 
taneously with a common control. 


A Circuit Application 
1. The AM frequency range is 535 kHz to 1605 kHz. 


2. The RF amplifier rejects all signals but the one from the desired station. It then amplifies the 
selected signal. 


3. A particular AM frequency is selected by varying the varactor capacitance with a dc voltage. 


ANSWERS 


RELATED PROBLEMS FOR EXAMPLES 


1740 Z = 12.7282.3°kO 
17-2) Z = 4.72 245.6° kQ. See Figure 17-71. 
> FIGURE 17-71 Z(kQ) 
8 
7 
6 
5 
4 
3 
2 
1 
17-3 Current will increase with frequency to a certain point and then it will decrease. 
17-4 The circuit is more capacitive. 
17-5 f, = 22.5 kHz 
17-6 45° 
17-7 § Z increases; Z increases. 
17-8 Z decreases. 
17-9 Inductive 
17-10 [,,; increases. 
17-11 Greater 
17-12 Vc = 0.932 —65.8° V 
17-13 Vc, = 27.12-81.1°V 
17-14 Ryeq = 25kQ, Leg = 5 mH; C = 0.022 pF 
17-15 Z, = 79.9kD 
17-16 J = 35.4mA 
17-17 f, = 6.75 kHz; fp = 9.25 kHz 
17-18 BW = 7.96 kHz 
SELF-TEST 
1. (a) 2. (c) 3. (b) 4.(c) 5.) 6 (c) 7.(a) 8 (b) 
9. (d) 10. (a) 11.(b) 12.@) 
CIRCUIT DYNAMICS QUIZ 
1. (b) 2. (a) 3. (a) 4. (c) 5. (c) 6. (b) 7. (b) 8. (c) 


9. (a) 


10. (a) 11. (a) 12. (a) 13. (b) 14. (a) 


Sa 
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CH APTER OU JTLINE 


Low-Pass Filters 
High-Pass Filters 
Band-Pass Filters 
Band-Stop Filters 

A Circuit Application 


TIVES 
FS 


Lis 


Analyze the operation of RC and RL low-pass filters 
Analyze the operation of RC and RL high-pass filters 
Analyze the opeeation of band-pass filters 


Analyze the operation of band-stop filters 


KEY TERMS 


Low-pass filter 
Passband 

Critical frequency (f,) 
Roll-off 

Attenuation 

Decade 


Bode plot 

High-pass filter 
Band-pass filter 
Center frequency (fo) 
Band-stop filter 


In the circuit application, you will stot the frequency re- 
sponses of filters based on oscilloscope measurements and 
identify the types of filters. 


" 


Study aids for this chapter are available at 
http://www.prenhall.com/floyd 


RO git ———— = Sa e — 
The concept of filters was introduced in Chapters 15, 16, and “> 
17 to illustrate applications of RC, RL, and RLC circuits. This aS 


chapter is essentially an extension of the earlier material and le 
provides additional coverage of the important topic of filters. ,' 
Passive filters are discussed in this chapter. Passive filters : 
use various combinations of resistors, capacitors, and induc- * 
tors. In a later course, you will study active filters that use - 
passive components combined with amplifiers. You have al 
already seen how basic RC, RL, and RLC circuits can be used 4 
as filters. Now, you will learn that passive filters can be >» ” 
placed in four general categories according to their response _— 
characteristics: low-pass, high-pass, band-pass, and band-stop. ad 
Within each category, there are several common types that ’ 
will be examined. 
es 
.* 
~~ 
~~ 
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18-1 Low-PAss FILTERS 


A low-pass filter allows signals with lower frequencies to pass from input to output 
while rejecting higher frequencies. 


After completing this section, you should be able to 
¢ Analyze the operation of RC and RL low-pass filters 


¢ 


Express the voltage and power ratios of a filter in decibels 


¢ Determine the critical frequency of a low-pass filter 


Figure 18-1 shows a block diagram and a general response curve for a low-pass filter. 
The range of frequencies passed by a filter within specified limits is called the passband 
of the filter. The point considered to be the upper end of the passband is at the critical fre- 
quency, f,, as illustrated in Figure 18—1(b). The eritical frequency (/,) is the frequency 
at which the filter’s output voltage is 70.7% of the maximum. The filter’s critical frequency 
is also called the cutoff frequency, break frequency, or —3 dB frequency because the output 
voltage is down 3 dB from its maximum at this frequency. The term dB (decibel) is a com- 


monly used unit in filter measurements. 


SS eS 
Passes these frequencies fe Rejects these frequencies 
(a) (b) 
» FIGURE 18—1 


Low-pass filter block diagram and general response curve. 


Decibels 


The basis for the decibel unit stems from the logarithmic response of the human ear to the 
intensity of sound. The decibel is a logarithmic measurement of the ratio of one power to 
another or one voltage to another, which can be used to express the input-to-output rela- 
tionship of a filter. The following equation expresses a power ratio in decibels: 


P. 
dB = 10toe( 22) Equation 18-1 


un 
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Equation 18-2 


From the properties of logarithms, the following decibel formula for a voltage ratio is 
derived. 


V, 
dB = 20 loe( +2") 
V; 


in 


A FIGURE 18-2 


Equation 18-3 


RC Low-Pass Filter 


A basic RC low-pass filter is shown in Figure 18-2. Notice that the output voltage is taken 
across the capacitor. 

When the input is dc (0 Hz), the output voltage equals the input voltage because X¢ 1s 
infinitely large. As the input frequency is increased, X¢ decreases and, as a result, V,,, 
gradually decreases until a frequency is reached where Xc = R. This is the critical 
frequency, f,, of the filter. 

Xc= ete R 
C Qarf.C 
Solving for f, 
1 
Je ~ FERC 


At any frequency, by application of the voltage-divider formula, the output voltage magni- 
tude is 


Xx 
Vout = ( £ iz 
VR? + x2, 


Since Xc = R at f., the output voltage at the critical frequency can be expressed as 


R R R 1 
Vout = ele Pa ea a (Wn ee (Sv = 0.707Vin 


These calculations show that the output is 70.7% of the input when Xc = R. The frequency 
at which this occurs is, by definition, the critical frequency. 

The ratio of output voltage to input voltage at the critical frequency can be expressed in 
decibels as follows: 


Vout = 0.707Vin 


V, 
—4 = 0.707 


in 


V, 
20 le( et) = 20 log(0.707) = —3 dB 


mi 
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= 339 kHz 


SS See 
TRC =. 2 (100 2)(0.0047 LF) 


Roll-Off of the Response Curve 


The blue line in Figure 18-3 shows an actual response curve for a low-pass filter. The max- 
imum output is defined to be 0 dB as a reference. Zero decibels corresponds to Vo = Vin 
because 20 log(V,,,;/Vin) = 20 log 1 = OdB. The output drops from 0 dB to —3 dB at the 
critical frequency and then continues to decrease at a fixed rate. This pattern of decrease is 
called the roll-off of the frequency response. The red line shows an ideal output response 
that is considered to be “flat” out to the critical frequency. The output then decreases at the 
fixed rate. 


» FIGURE 18-3 
Actual and ideal response curves for 


0 dB 7 4 low-pass filter. 


—3 dB 
Actual 


Vous Vin (dB) 


As you have seen, the output voltage of a low-pass filter decreases by 3 dB when the fre- 
quency is increased to the critical value f.. As the frequency continues to increase above f,, 
the output voltage continues to decrease. In fact, for each tenfold increase in frequency 
above f,, there is a 20 dB reduction in the output, as shown in the following steps. 

Let’s take a frequency that is ten times the critical frequency (f = 10f,). Since R = Xc 
at f,, then R = 10X¢ at 10f, because of the inverse relationship of X¢ and f- 

The attenuation is the reduction in voltage expressed as the ratio V,,,,/Vin and is devel- 
oped as follows: 


Vout Xc = Xc 
Vin VR? + X% — V(0X¢)? + XP 
Xe Xe Xe 1 1 


0.1 


~ Viooxt + x2 «Vx20004+1) XcVi0i idl 10 


The dB attenuation is 


V, 
20 0¢( +") = 20log(0.1) = —20dB 


In 
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A tenfold change in frequency is called a decade. So, for an RC circuit, the output volt- 
age is reduced by 20 dB for each decade increase in frequency. A similar result can be 
derived for a high-pass circuit. The roll-off is a constant —20 dB/decade for a basic RC or 
RL filter. Figure 18-4 shows the ideal frequency response plot on a semilog scale, where 
each interval on the horizontal axis represents a tenfold increase in frequency. This 
response curve is called a Bode plot. 


10f. 100f. 


Vou / Vin (dB) 


A FIGURE 18-4 
Frequency roll-off for an RC low-pass filter (Bode plot) 


= 33.9 kHz 


27(1.0KO)(0.0047 wF) 


is logarithmic and the vertical scale is linear. 
scale, and the filter output in decibels is on the 


rate. Thus, for the ideal curve, every time the fre- 
Itput is reduced by 20 dB. A slight variation from this 
put is actually at —3 dB rather than 0 dB at the critical 


783 


od 
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aeearton ape mens ne 


10 000 kHz 


1000 kHz 


100 kHz 


its the actual response. 


at happens to the critical frequency and roll-off rate if C is reduced to 0.001 wF in 


ep ot for Figure 18-5. The red line represents the ideal response curve and the blue line 


FIGURE 18-6 


l i 


RL Low-Pass Filter 


A basic RL low-pass filter is shown in Figure 18-7. Notice that the output voltage is taken 


across the resistor. 


Vin ° 


When the input is de (0 Hz), the output voltage ideally equals the input voltage because 
X; is a short (if Ry is neglected). As the input frequency is increased, X; increases and, as 


ut gradually decreases until the critical frequency is reached. At this point, 


R and the frequency is 


a result, V,, 


Xr 


A FIGURE 18-7 


=R 


Pag pals 


RL low-pass filter. 


RO 
2aL 


Equation 18--4 


0.707V;,, and, thus, the output voltage is —3 dB be- 


Just as in the RC low-pass filter, V,,,; 
low the input voltage at the critical frequency. 
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e 18-8 for three decades of frequency. Use 


re 
Maa Vous 
4.7 mH 
R 
2.2kO 
low-pass filter is 
i 1 
—— = _____ = 74 5k Hz 
~2(LIR) 2m(4.7 mED.2KO) 


lot is shown with the red line on the semilog graph in Figure 
ctual response curve is shown with the blue line. Notice first 
logarithmic and the vertical scale is linear. The frequency is 
and the filter output in decibels is on the linear scale. 


fap 


10,000 kHz 


the ideal response curve and the blue line is the 
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ut is flat below f, (74.5 kHz). As the frequency is increased above f,, the 


Phase Shift in a Low-Pass Filter 
The RC low-pass filter acts as a lag circuit. Recall from Chapter 15 that the phase shift from 
input to output is expressed as 
R 
1 
= = —— 
oes ie) 


At the critical frequency, Xc = R and, therefore, @ = —45°. As the input frequency is re- 
duced, decreases and approaches 0° when the frequency approaches zero. Figure 18-10, 
illustrates this phase characteristic. 


< FIGURE 18-10 


Phase characteristic of a low-pass 
filter. 


The RL low-pass filter also acts as a lag circuit, Recall from Chapter 16 that the phase 


+m (¥) 


As inthe RC filter, the phase shift from input to output is —45° at the critical frequency and 
decreases for frequencies below f-. 


shift is expressed as 


a 


tain low-pass filter, f- = 2.5 kHz. What is its passband? 


tain low-pass filter, R = 100 © and X- = 2 ata frequency, f,. Determine 
it f, when V;,, = 520° Vrms. 
400 mV, and Vj, = 1.2 V. Express the ratio Vo,;/V;, in dB. 


= 
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18—2 HIGH-PAssS FILTERS 


A high-pass filter allows signals with higher frequencies to pass from input to output 
while rejecting lower frequencies. 


After completing this section, you should be able to 
¢ Analyze the operation of RC and RL high-pass filters 
¢ Determine the critical frequency of a high-pass filter 


Figure 18—11 shows a block diagram and a general response curve for a high-pass filter. 
The frequency considered to be the lower end of the passband is called the critical fre- 
quency. Just as in the low-pass filter, it is the frequency at which the output is 70.7% of the 
maximum, as indicated in the figure. 


—— 
Rejects these fe Passes these 
frequencies frequencies 


» FIGURE 18-11 
High-pass filter block diagram and response curve. 


RC High-Pass Filter 


A basic RC high-pass filter is shown in Figure 18-12. Notice that the output voltage is 
taken across the resistor. 


» FIGURE 18-12 C 
RC high-pass filter. ¥n0— ae 


When the input frequency is at its critical value, Xc = R and the output voltage is 
0.707V;,, just as in the case of the low-pass filter. As the input frequency increases above 
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the critical frequency, X¢ decreases and, as a result, the output voltage increases and 
approaches a value equal to V;,,. The expression for the critical frequency of the high-pass 
filter is the same as for the low-pass filter. 


I 


fe = TERE 


Below f,, the output voltage decreases (rolls off) at a rate of —20 dB/decade. Figure 
18-13 shows an actual and an ideal response curve for a high-pass filter. 


Ideal 


af 


Actual 


0.01f. 


O.1f, 


—40 dB 


Vouw/ Vin (dB) 


FIGURE 18-13 
Actual and ideal response curves for a high-pass filter. 


330.0 


1 


= OS 10.3 kHz = 10kHz 


logarithmic and the vertical scale is linear. The frequency is 
the filter output in decibels is on the linear scale. 


(decade rate. Thus, for the ideal curve, every time the 
output is reduced by 20 dB. A slight variation from this 
utput is actually at —3 dB rather than 0 dB at the critical 
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1 for the related problem. 


RL High-Pass Filter 


A basic RL high-pass filter is shown in Figure 18—16. Notice that the output is taken across 
the inductor. 

When the input frequency is at its critical value, X; = R, and the output voltage is 
0.707V;,,. As the frequency increases above f., X; increases and, as a result, the output voltage 


» FIGURE 18-16 R 
RL high-pass filter. Vin o—W -© Vou 
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increases until it equals V;,,. The expression for the critical frequency of the high-pass filter 
is the same as for the low-pass filter. 


1 


Se = SECU) 


Phase Shift in a High-Pass Filter 


Both the RC and the RL high-pass filters act as lead circuits. Recall from Chapters 15 and 
16 that the phase shift from input to output for the RC lead circuit is 


son (§) 


and the phase shift for the RL lead circuit is 


ae tt 
ee eS 


At the critical frequency, X; = R and, therefore, @ = 45°. As the frequency is increased, 
¢ decreases toward 0°, as shown in Figure 18-17. 


<@ FIGURE 18-17 


Phase characteristic of a high-pass 
filter. 


alue of Cc so that X¢ is ten times less than R at an input 


| of 10 V is applied, what are the output voltage 


il 


~ 2ar(10 kKHz)(68.O) ae 
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(b) Determine the magnitude of the sinusoidal output as follows: 


Vour = (4) = (282 __)sv = 4.98V 
mw NN RE + XE7  — \\/680.0)? + 68 02 ; 


The phase shift is 


x 68 O 
= ant 2E = | es — c 
@ = tan ( R ) tan ( 680 ) SET, 


At f = 10 kHz, which is a decade above the critical frequency, the sinusoidal 
output is almost equal to the input in magnitude, and the phase shift is very small. 
The 10 V dc level has been filtered out and does not appear at the output. 


Related Problem Repeat parts (a) and (b) of the example if R is changed to 220 0. 


Use Multisim file E18-06 to verify the calculated results in this example and to 
“« confirm your calculations for the related problem. 


ltage of a high-pass filter is 1 V. What is V,,,; at the critical frequency? 


high-pass filter, V;, = 10 20° V, R = 1.0kQ, and X, = 15k. Deter- 


18-3 BAnbD-Pass FILTERS 


A band-pass filter allows a certain band of frequencies to pass and attenuates or rejects 
all frequencies below and above the passband. 


After completing this section, you should be able to 
¢ Analyze the operation of band-pass filters 
Define bandwidth 
¢ Show how a band-pass filter is implemented with low-pass and high-pass filters 
¢ Explain the series-resonant band-pass filter 
¢ Explain the parallel-resonant band-pass filter 


¢ Calculate the bandwidth and output voltage of a band-pass filter 


The bandwidth of a band-pass filter is the range of frequencies for which the cur- 
rent, and therefore the output voltage, is equal to or greater than 70.7% of its value 
at the resonant frequency. 


As you know, bandwidth is often abbreviated BW and can be calculated as 


BW = foo — fa 


where jf, is the lower cutoff frequency and f, is the upper cutoff frequency 
Figure 18-19 shows a typical band-pass response curve. 
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» FIGURE 18-19 
Typical band-pass response curve. 


Low-Pass/High-Pass Filter 


A combination of a low-pass and a high-pass filter can be used to form a band-pass filter, 
as illustrated in Figure 18-20. The loading effect of the second filter on the first must be 
taken into account. 


» FIGURE 18-20 


A low-pass and a high-pass filter are 
used to form a band-pass filter. 


7 


If the critical frequency of the low-pass filter, f.7), is higher than the critical frequency 
of the high-pass filter, fj, the responses overlap. Thus, all frequencies except those 
between f,;) and fq are eliminated, as shown in Figure 18-21. 


Vout <¢ FIGURE 18-21 
Low-pass curve High-pass curve i 
P oe Overlapping response curves of a 
SS low-pass/high-pass filter. 
High-pass z % Low-pass 
blocks im) blocks 
(ies ACVEAS 
fo 
> > 
Seay few J 
ws 
Passband 


BW= 


nee Ih 


and the bandwidth is 1.5 kHz, what is fj)? 
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Equation 18-5 


Series Resonant Band-Pass Filter 


A type of series resonant band-pass filter is shown in Figure 18-22. As you learned in 
Chapter 17, a series resonant circuit has minimum impedance and maximum current at the 
resonant frequency, f,.. Thus, most of the input voltage is dropped across the resistor at the 
resonant frequency. Therefore, the output across R has a band-pass characteristic with a 
maximum output at the frequency of resonance. The resonant frequency is called the 
center frequency, fp. The bandwidth is determined by the quality factor, Q, of the circuit 
and the resonant frequency, as was discussed in Chapter 17. Recall that Q = X;/R. 


/b Cc 
Vin o—Hp—_ Vour Vous 


I 
| 
Series resonant circuit 
| 


A FIGURE 18-22 
Series resonant band-pass filter. 


A higher value of Q results in a smaller bandwidth A lower value of Q causes a larger 
bandwidth. A formula for the bandwidth of a resonant circuit in terms of Q is stated in the 
following equation: 


L=1mH 


1 Rw= 109 0.0022 wF 
Vie 


10 V rms 


_ (1000 7 
Win = (SOF ov 9.09 V 


I 


VIC 2nVamANOO aE | 1°’ KH 
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2(107 kHz)(1 mH) = 672 0 


+ Ry =1000 + 100 = 1100 


107 kHz 


611 = 17.5 kHz 


istance of 18 (2 replaces the existing coil in Figure 
g fected? 


Parallel Resonant Band-Pass Filter 


A type of band-pass filter using a parallel resonant circuit is shown in Figure 18—24. Recall 
that a parallel resonant circuit has maximum impedance at resonance. The circuit in Figure 
18-24 acts as a voltage divider. At resonance, the impedance of the tank circuit is much 
greater than the resistance. Thus, most of the input voltage is across the tank circuit, pro- 
ducing a maximum output voltage at the resonant (center) frequency. 


R ~ FIGURE 18-24 


Vin Vou 


Parallel resonant band-pass filter. 


For frequencies above or below resonance, the tank circuit impedance drops off, and 
more of the input voltage is across R. As a result, the output voltage across the tank circuit 
drops off, creating a band-pass characteristic. 


10 wH | 100 pF 
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Solution 


Related Problem 


The center frequency of the filter is its resonant frequency. 


1 1 
fo = Fave 2V(10 4H)(100 pF) 


Determine fo in Figure 18-25 if C is changed to 1000 pF. 


= §.03 MHz 


Use Multisim file E18-09 to verify the calculated results in this example and to 
confirm your calculation for the related problem. 


EXAMPLE 18-10 


Solution 


Related Problem 


Determine the center frequency and bandwidth for the band-pass filter in Figure 18-26 
if the inductor has a winding resistance of 15 0. 


FIGURE 18-26 


Recall from Chapter 17 (Eq. 17—13) that the resonant (center) frequency of a nonideal 
tank circuit is 


_ V1 = (RYCIL) _ V1 - 015 0)°(0.01 wF)/S0mH 


f= ENT > onVGommO0lsR | 77K 
The Q of the coil at resonance is 
oe Xi, = 2ufol - 2m(7.12 kHz)(50mH) _ 149 
Ry Rw 50 
The bandwidth of the filter is 
7.12 kHz 
pw-® = — 47.8 Hz 


Note that since Q > 10, the simpler formula, fo = 1/(2a7V LC), could have been 
used to calculate fo. 


Knowing the value of Q, recalculate fp using the simpler formula. 


nd-pass filter, f.) = 29.8kHzand f.4) = 30.2 kHz. What is the bandwidth? 


el resonant band-pass filter has the following values: Ry = 150, L = 50H, 
C = 4/0 pF. Determine the approximate center frequency. 
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A band-stop filter is essentially the opposite of a band-pass filter in terms of the re- 
sponses. A band-stop filter allows all frequencies to pass except those lying within 
a certain stopband. 


After completing this section, you should be able to 
¢ Analyze the operation of band-stop filters 


Show how a band-stop filter is implemented 


_ 
d- 


with low-pass and high-pass filters 
r <s 


Figure 18—27 shows a general band-stop response curve 


0 fae fo eo 
2 FIGURE 18-27 


General band-stop response curve. 


Low-Pass/High-Pass Filter 


A band-stop filter can be formed from a low-pass and a high-pass filter, as shown in Fig- 
ure 18-28. 


A FIGURE 18-28 
A low-pass and a high-pass filter are used to form a band-stop filter. 


If the low-pass critical frequency, Seq, is set lower than the high-pass critical frequency, 
etn), a band-stop characteristic is formed as illustrated in Figure 18-29. 
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Low-pass curve High-pass curve 


» FIGURE 18-29 
Band-stop response curve. 


Series Resonant Band-Stop Filter 


A series resonant circuit used in a band-stop configuration is shown in Figure 18-30. 
Basically, it works as follows: At the resonant frequency, the impedance is minimum, and 
therefore the output voltage is minimum. Most of the input voltage is dropped across R. At 
frequencies above and below resonance, the impedance increases, causing more voltage 
across the output. 


R 
Vin Vout 
L_ Series 
resonant 
circuit 
- =c 

» FIGURE 18-30 
Series resonant band-stop filter. 


fo and the bandwidth in Figure 18-31. 


R 
560 Ry 
20 


L 
100 mH 


C 
0.01 uF T_ 


output voltage is 


20 
in = (Se )toomv = 3.45mV 
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= 5.03 kHz 
-\/(100 mH)(0.01 uF) 
2m(5.03kHz(100mH) _ 3.16kO _ 

580 58.0 


= 345 
= 92.3 Hz 
e 18-31. Determine V,,,, and the bandwidth. 


y the calculated results in this example and to 
elated problem. 


Parallel Resonant Band-Stop Filter 


A parallel resonant circuit used in a band-stop configuration is shown in Figure 18-32. At 
the resonant frequency, the tank impedance is maximum, and so most of the input voltage 
appears across it. Very little voltage is across R at resonance. As the tank impedance 
decreases above and below resonance, the output voltage increases. 


~ FIGURE 18-32 
Parallel resonant band-stop filter. 
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Solution The center frequency is 


V1 = RWCIL — V1 — (8.0)°(150 pF)/S wH 
fo ~~ SaN/EG 2aV(5 wH)(150 pF) 


At the center (resonant) frequency, 


X, = 2afol = 2a(5.79 MHz)(5 wH) = 182 0 
X, 1820 _ 
aco = 22.8 


Z, = RyfQ + 1) = 8022.8? + 1) = 4.17kO (purely resistive) 


= 5.79 MHz 


Next, use the voltage-divider formula to find the minimum output voltage magnitude. 


R 560 
Vout(nin) = (eee) = (28 ov = 1.18 V 


At zero frequency, the impedance of the tank circuit is Ry because Xc = © and 
X, = 0 ©. Therefore, the maximum output voltage below resonance is 


R 560 0 
Voutmax) >i (; a aie = (s wv = 9.86 V 


As the frequency increases much higher than fo, Xc approaches 0 ©, and Vou 
approaches V;,, (10 V). Figure 18-34 shows the response curve. 


Vour (V) 


f (MHz) 


FIGURE 18-34 


Related Problem What is the minimum output voltage if R = 1.0 kQ in Figure 18-33? 


«Use Multisim file E18-12 to verify the calculated results in this example and to 
confirm your calculation for the related problem. 


How does a band-stop filter differ from a band-pass filter? 
ime | basic ways to construct a band-stop filter. 
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A Circuit Application 


In this circuit application, you will i Filter Measurement and Analysis 

plot the frequency responses of two 

types of filters based on a series of 

oscilloscope measurements and iden- 
tify the type of filter in each case. The filters are contained in 
sealed modules as shown in Figure 18-35. You are concerned 
only with determining the filter response characteristics and not 
the types of internal components. 


@ Refer to Figure 18-36. Based on the series of four oscilloscope 
measurements, create a Bode plot for the filter under test, spec- 
ify applicable frequencies, and identify the type of filter. 
Refer to Figure 18-37. Based on the series of six oscilloscope 
measurements, create a Bode plot for the filter under test, 
specify applicable frequencies, and identify the type of filter. 


~ FIGURE 18-35 


Filter : Filter modules. 


module 1 R module 2 


IN GND at 


2 V peak-to-peak signal a 
from function generator 


» FIGURE 18-36 
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Filter 
module 2 


IN. GND OUT 


2 V peak-to-peak signal Taos 
from function generator 


A FIGURE 18-37 


; 2. Explain how the waveforms in Figure 18-37 indicate the 
i type of filter. 


Review 
1. Explain how the waveforms in Figure 18—36 indicate the 
type of filter. 


© Four categories of passive filters according to their response characteristics are low-pass, high- 
pass, band-pass, and band-stop. 

® InanRC low-pass filter, the output voltage is taken across the capacitor and the output lags the input. 

® Inan RL low-pass filter, the output voltage is taken across the resistor and the output lags the input. 

® Inan RC high-pass filter, the output is taken across the resistor and the output leads the input. 
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® Jn an RL high-pass filter, the output is taken across the inductor and the output leads the input. 

The roll-off rate of a basic RC or RL filter is —20 dB per decade. 

® A band-pass filter passes frequencies between the lower and upper critical frequencies and rejects 
all others. 

* A band-stop filter rejects frequencies between its lower and upper critical frequencies and passes 
all others. 


td 


@ The bandwidth of a resonant filter is determined by the quality factor (Q) of the circuit and the 
resonant frequency. 


® Critical frequencies are also called —3 dB frequencies. 


®@ The output voltage is 70.7% of its maximum at the critical frequencies. 


Key terms and other bold terms in the chapter are defined in the end-of-book glossary. 


Attenuation A reduction of the output signal compared to the input signal, resulting in a ratio with 
a value of less than 1 for the output voltage to the input voltage of a circuit. 


Band-pass filter A filter that passes a range of frequencies lying between two critical frequencies 
and rejects frequencies above and below that range. 


Band-stop filter A filter that rejects a range of frequencies lying between two critical frequencies 
and passes frequencies above and below that range. 


Bode plot The graph of a filter’s frequency response showing the change in the output voltage to 
input voltage ratio expressed in dB as a function of frequency for a constant input voltage. 


Center frequency (fo) The resonant frequency of a band-pass or band-stop filter. 
Critical frequency (f,) The frequency at which a filter’s output voltage is 70.7% of the maximum. 
Decade A tenfold change in frequency or other parameter. 


High-pass filter A type of filter that passes all frequencies above a critical frequency and rejects all 
frequencies below that critical frequency. 


Low-pass filter A type of filter that passes all frequencies below a critical frequency and rejects all 
frequencies above that critical frequency. 


Passband The range of frequencies passed by a filter. 


Roll-off The rate of decrease of a filter’s frequency response. 


P 
18-1 dB = 10 toe( rat) Power ratio in decibels 
in 
V, 
18-2 dB = 20 tox( at Voltage ratio in decibels 
in 
1 
18-3 Sc = 2aRC Critical frequency 
1 
18-4 f= 2nUR) Critical frequency 
1835 BW= = Bandwidth 


Answers are at the end of the chapter. 


1. The maximum output voltage of a certain low-pass filter is 10 V. The output voltage at the 
critical frequency is 


(a) 10V (b) OV (ce) 7.07 V (d) 1414V 
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2. A sinusoidal voltage with a peak-to-peak value of 15 V is applied to an RC low-pass filter. If 
the reactance at the input frequency is zero, the output voltage is 


(a) 15 V peak-to-peak (b) zero 
(c) 10.6 V peak-to-peak (d) 7.5 V peak-to-peak 


3. The same signal in Question 2 is applied to an RC high-pass filter. If the reactance is zero at the 
input frequency, the output voltage is 


(a) 15 V peak-to-peak (b) zero 
(c) 10.6 V peak-to-peak (d) 7.5 V peak-to-peak 

4. At the critical frequency, the output of a filter is down from its maximum by 
(a) 0dB (b) —3dB (c) —20dB (d) —6dB 


5. If the output of a low-pass RC filter is 12 dB below its maximum at f = 1 kHz, then at 
f = 10kHz, the output is below its maximum by 


(a) 3dB (b) 10dB (c) 20 dB (d) 32 dB 
6. Ina passive filter, the ratio V,,,,/V;,, is called 

(a) roll-off (b) gain 

{c) attenuation (d) critical reduction 


7. For each decade increase in frequency above the critical frequency, the output of a low-pass 
filter decreases by 


(a) 20 dB (b) 3 dB (c) 10dB (d) 0dB 

8. At the critical frequency, the phase shift through a high-pass filter is 
(a) 90° (b) 0° (c) 45° (d) dependent on the reactance 

9. Ina series resonant band-pass filter, a higher value of Q results in 
(a) a higher resonant frequency (b) a smaller bandwidth 
(c) a higher impedance (d) a larger bandwidth 

10. At series resonance, 

(a) Xc= Xp (b) XC > X_  (O) XC < Xz 


11. Ina certain parallel resonant band-pass filter, the resonant frequency is 10 kHz. If the band- 
width is 2 kHz, the lower critical frequency is 


(a) 5 kHz (b) 12 kHz (c) 9kHz (d) not determinable 
12. In a band-pass filter, the output voltage at the resonant frequency is 
(a) minimum (b) maximum 
(c) 70.7% of maximum (d) 70.7% of minimum 
13. In a band-stop filter, the output voltage at the critical frequencies is 
(a) minimum (b) maximum 
(c) 70.7% of maximum (d) 70.7% of minimum 
14. Ata sufficiently high value of Q, the resonant frequency for a parallel resonant filter is ideally 
(a) much greater than the resonant frequency of a series resonant filter 
(b) much less than the resonant frequency of a series resonant filter 


(c) equal to the resonant frequency of a series resonant filter 


wers are at the end of the chapter. 


Refer to Figure 18-38(a). 
1. If the frequency of the input voltage is increased, Voy 
(a) increases (b) decreases (c) stays the same 
2. If C is increased, the output voltage 


{a) increases (b) decreases (c) stays the same 
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Refer to Figure 18—38(d). 
3. If the frequency of the input voltage is increased, V,,, 
(a) increases (b) decreases (c) stays the same 
4. If L is increased, the output voltage 


(a) increases (b) decreases (c) stays the same 


Refer to Figure 18—40. 
5. If the switch is thrown from position | to position 2, the critical frequency 
(a) increases (b) decreases (c) stays the same 
6. If the switch is thrown from position 2 to position 3, the critical frequency 
(a) increases (b) decreases (c) stays the same 


Refer to Figure 18-41 (a). 
7. If the frequency of the input voltage is increased, V,., 
(a) increases (b) decreases (c) stays the same 
8. If R is increased to 180 ©, the output voltage 
(a) increases (b) decreases (c) stays the same 


Refer to Figure 18—42. 
9. If the switch is thrown from position | to position 2, the critical frequency 

{a) increases (b) decreases ({c) stays the same 

10. If the switch is in position 3 and Rs opens, Voy; 
(a) increases (b) decreases (c) stays the same 

Refer to Figure 18-48. 

11. If Lz opens, the output voltage 
(a) increases (b) decreases (c) stays the same 

12. If C becomes shorted, the output voltage 
(a) increases (b) decreases (c) stays the same 


"More difficult problems are indicated by an asterisk (*). 
_ Answers to odd-numbered problems are at the end of the book. 


SECTION 18-1 _ Low-Pass Filters 


(a) f = 60 Hz 


1. In a certain low-pass filter, ¥¢ = 500 1 and R = 2.2kQ). What is the output voltage (V,,,.) 
when the input is 10 V rms? 


2. A certain low-pass filter has a critical frequency of 3 kHz. Determine which of the following 
frequencies are passed and which are rejected: 


(a) 100 Hz (b) 1 kHz (c) 2 kHz (d) 3 kHz (e) 5 kHz 


3. Determine the output voltage (V,,,,) of each filter in Figure 18-38 at the specified frequency 
when V;, = 10V. 


4. What is f, for each filter in Figure 18-38? Determine the output voltage at f, in each case 
when V;, = SV. 


R L ih 


Wes Mout Vin oat Vin Vout 
470, 5 mH 80 “H 
c R R 
. | 8.2 UF 3300. 100 


(b) f = 400 Hz (c) f = 1 kHz (d) f = 2kHz 


» FIGURE 18-38 
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§. For the filter in Figure 18-39, calculate the value of C required for each of the following criti- 
cal frequencies: 


(a) 60 Hz (b) 500 Hz (c) 1 kHz (d) 5kHz 


> FIGURE 18-39 R 


Va Vout 
2200. 
i 


*6. Determine the critical frequency for each switch position on the switched filter network of 
Figure 18-40. 


outl 


V 


out2 


G C, 


» FIGURE 18-40 


7. Draw a Bode plot for each part of Problem 5. 

8. For each following case, express the voltage ratio in dB: 
(a) Vn = 1V, Vow = 1V (b) Vin = 5V, Vow = 3V 
(©) Vin = 10 V, Vow = 7.07 V (A) Vin = 25 V, Vou = 5V 

9. The input voltage to a low-pass RC filter is 8 V rms. Find the output voltage at the following 
dB levels: 
(a) —1dB (b) —3dB (c) —6dB (d) —20dB 

10. For a basic RC low-pass filter, find the output voltage in dB relative to a 0 dB input for the fol- 

lowing frequencies (f, = 1 kHz): 
(a) 10 kHz (b) 100 kHz (c) 1 MHz 


SECTION 18-2  High-Pass Filters 

11. Ina high-pass filter, X- = 500 © and R = 2.2kQ.. What is the output voltage (V,,.) when 
Vin = 10 V rms? 

12. A high-pass filter has a critical frequency of 50 Hz. Determine which of the following frequen- 
cies are passed and which are rejected: 
(a) 1 Hz (b) 20 Hz (c) 50 Hz (d) 60 Hz (e) 30 kHz 

13. Determine the output voltage of each filter in Figure 18-41 at the specified frequency when 
Vin = 10V. 


Cc 
~——| Vout 
10 uF 
H R 
1000 
(a) f = 60Hz 


(a 
¥no— Vout 
47 uF 
as R 
470 
(b) f = 400 Hz 


R 
Vin Vent 
330 0 
5 mH 
(c) f = 1 kHz 


PROBLEMS 
R 
Ver 
100 
(d) f = 2kHz 


¢ 805 


. FIGURE 18-41 


14. What is f, for each filter in Figure 18-41? Determine the output voltage at f, in each case 
(Vin = 10 V). 
15. Draw the Bode plot for each filter in Figure 18-41. 
*16. Determine f. for each switch position in Figure 18-42. 


V, 


our4 


» FIGURE 18-42 


SECTION 18-3  Band-Pass Filters 
17. Determine the center frequency for each filter in Figure 18-43. 


L c c L 
Vin Vout Vin ° 5 i t || 0 Vou 
12mH 0.01 uF 2mH 0.022 uF 
5 220, 
(a) (b) 


A FIGURE 18-43 


18. Assuming that the coils in Figure 18-43 have a winding resistance of 10 ©, find the bandwidth 
for each filter. 


19. What are the upper and lower critical frequencies for each filter in Figure 18-43? Assume the 
response is symmetrical about fp. 
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Vin Vour 
680 0 


L 
1H 10 uF 


(a) 


4& FIGURE 18-44 


V, 


out 


(b) 


20. For each filter in Figure 18-44, find the center frequency of the passband. Neglect Ry. 


21. If the coils in Figure 18-44 have a winding resistance of 4 ©, what is the output voltage at 


resonance when V;, = 120 V? 


*22. Determine the separation of center frequencies for all switch positions in Figure 18-45. Do any 
of the responses overlap? Assume Ry = 0 CO for each coil. 


*23. Design a band-pass filter using a parallel resonant circuit to meet all of the following specifica- 
tions: BW = 500 Hz; Q = 40; and I¢mmay = 20MA, Vegnaxy = 2.5 V. 


b» FIGURE 18-45 


SECTION 18-4  Band-Stop Filters 


24. Determine the center frequency for each filter in Figure 18-46. 


® FIGURE 18-46 R 
1500 


100 wH 


(& 
0.0022 uF 


(a) 


7 
oul 


(b) 
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25. For each filter in Figure 18-47, find the center frequency of the stopband. 


26. If the coils in Figure 18-47 have a winding resistance of 8 ©, what is the output voltage at 
resonance when V;,, = 50 V? 


L 
05H , 
Ve Cc V out Vin 
R 
6.8 UF 1.0k0 
(a) (b) 


& FIGURE 18-47 


*27. Determine the values of L; and L2 in Figure 18-48 to pass a signal with a frequency of 
1200 kHz and stop (reject) a signal with a frequency of 456 kHz. 


» FIGURE 18-48 


Multisim Troubleshooting and Analysis 

J These problems require your Multisim CD-ROM. 
28. Open file P18-28 and determine if there is a fault. If so, find the fault. 
29. Open file P18-29 and determine if there is a fault. If so, find the fault. 
30. Open file P18-30 and determine if there is a fault. If so, find the fault. 
31. Open file P18-31 and determine if there is a fault. If so, find the fault. 
32. Open file P18-32 and determine if there is a fault. If so, find the fault. 
33. Open file P18-33 and determine if there is a fault. If so, find the fault. 
34. Open file P18-34 and determine the center frequency of the circuit. 
35. Open file P18-35 and determine the bandwidth of the circuit. 


SECTION REVIEWS 


SECTION 18-1 __ Low-Pass Filters 
1. The passband is 0 Hz to 2.5 kHz. 
2. Vou = 1002 —88.9° mV rms 
3. 20 log(Vour/Vin) = —9.54 dB 


SECTION 18-2 High-Pass Filters 
1. Vous = 0.707 V 
2 Vou = 9.98.23.81°V 


808 ¢  PAssive FILTERS 


SECTION 18-3  Band-Pass Filters 
1. BW = 30.2kHz — 29.8kHz = 400 Hz 
2. fo = 1.04MHz 


SECTION 18-4  Band-Stop Filters 


1. A band-stop filter rejects, rather than passes, a certain band of frequencies. 


2. High-pass/low-pass combination, series resonant circuit, and parallel resonant circuit 


A Circuit Application 


1. The waveforms indicate that the output amplitude decreases with an increase in frequency as in 
a low-pass filter. 


2. The waveforms indicate that the output amplitude is maximum at 10 kHz and drops off above 
and below as in a band-pass filter. 


RELATED PROBLEMS FOR EXAMPLES 


18-1 —1.41dB 

18-2 7.23 kHz 

18-3 f. increases to 159 kHz. Roll-off rate remains 20 dB/decade. 

18-4 __f, increases to 350 kHz. Roll-off rate remains —20 dB/decade. 

18-5 —60dB 

18-6 3=C = 0.723 UF; Vow = 4.98 V; & = 5.7° 

18-7 10.5 kHz 

18-8 BW increases to 18.8 kHz. 

18-9 1.59 MHz 

18-10 7.12 kHz (no significant difference) 

18-11 Vo = 15.2mV; BW = 105 Hz 

18-12 1.94V 

SELF-TEST 
1. (c) 2. (b) 3. (a) 4. (b) 5. (d) 6. (c) 7. (a) 8. (c) 
9. (b) 10. (a) 11. () 12. (b) 13. (c) 14. (c) 


CIRCUIT DYNAMICS QUIZ 


1. (b) 
9. (a) 


2. (b) 3. (b) 4. (b) 5. (b) 6. (a) 7. (a) 8. (a) 
10. (c) 11. (b) 12. (a) 


IN AC ANALYSIS 
rt 


The Superposition Theorem Study aids for this chapter are available at 

Thevenin’s Theorem http://www. prenhall.com/floyd 

Norton’s Theorem ‘ 

Maximum Power Transfer Theorem | INTRODUCI 

A Circuit Application Four important theorems were covered in Chapter 8 with 


emphasis on their applications in the analysis of dc circuits. 
) This chapter is a continuation of that coverage with empha- 


: 3 > sis on applications in the analysis of ac circuits with reactive 
® Apply the superposition theorem to ac circuit analysis components. 


Apply Thevenin’s theorem to simplify reactive ac circuits for The theorems in this chapter make analysis easier for cer- 
analysis tain types of circuits. These methods do not replace Ohm’s 
* Apply Norton’s theorem to simplify reactive ac circuits law and Kirchhoff’s laws, but they are normally used in con- — * 


junction with those laws in certain situations. , 
The superposition theorem helps you to deal with circuits a’ 
that have multiple sources. Thevenin’s and Norton’s theo- < 
rems provide methods for reducing a circuit to a simple 
equivalent form for easier analysis. The maximum power 
transfer theorem is used in applications where it is impor- 


Apply the maximum power transfer theorem 


a .) 


- Superposition theorem 


ze nevein Semen tant for a given circuit to provide maximum power to a 
Equivalent circuit loa. ’ 
-» Norton’s theorem Bn 


Complex conjugate 


n the circuit application, you will evaluate a band-pass filter a 
odule to determine its internal component values, You will 
ply Thevenin’s theorem to determine an optimum load im- 
edance for maximum power transfer. 


“s 
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19-1 THE SUPERPOSITION THEOREM 


The superposition theorem was introduced in Chapter 8 for use in de circuit analysis. 
In this section, the superposition theorem is applied to circuits with ac sources and 
reactive components. 


After completing this section, you should be able to 


The superposition theorem can be stated as follows: 


The current in any given branch of a multiple-source circuit can be found by 
determining the currents in that particular branch produced by each source acting 
alone, with all other sources replaced by their internal impedances. The total 
current in the given branch is the phasor sum of the individual currents in that 
branch. 


The procedure for the application of the superposition theorem is as follows: 


Step 1. Leave one of the voltage (current) sources in the circuit, and replace all others 
with their internal impedance. For ideal voltage sources, the internal impedance 
is zero. For ideal current sources, the internal impedance is infinite. We will call 
this procedure zeroing the source. 


Step 2. Find the current in the branch of interest produced by the one remaining source. 


Step 3. Repeat Steps 1 and 2 for each source in turn. When complete, you will have a 
number of current values equal to the number of sources in the circuit. 


Step 4. Add the individual current values as phasor quantities. 


Example 19-1 illustrates this procedure for a circuit containing two ideal voltage sources, 
Vo and Vo2- 
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Solution Step 1. Replace V,» with its internal impedance (zero in this case), and find the current 
in R due to V,1, as indicated in Figure 19-2. 


1 1 
Xa = ~ = 1.59kO 
Cl 2afC, 27(10kHz)(0.01 pF) 
Ma _— : 723.0, 
CO IafC, 2710 kHz)(0.022 uF) 
G 6 
vi 0.01 uF | 0.022 uF 
Vai R Vo2 
10.20° V 1.0k0 zeroed 
Sy f=10kHz 


FIGURE 19-2 


Looking from V,1, the impedance is 

RX~ (1.020° kO)(723 Z —90° O) 
= 15972 —90° kQ) ee 
R + Xo ee OKO 97723 ©) 
1.59Z—90°kO, + 588 2—54.1° ©, 
—j1.59kO, + 3450 — j4760, = 345 O — j2.07kO 


Z=Xq + 


Converting to polar form yields 
Z = 2.102 —80.5° kO 
The total current from V,; is 


Pe 1020°V 
7) 21072 —-80.5°kO 


Use the current-divider formula. The current through R due to V,; is 

I = Ce") = ( 723 Z—90° 0) 
a es ) U1OKO — 723.0 
= (0.588 Z —54.9° 0/)(4.76 280.5° mA) = 2.80 225.6° mA 


= 4.76 280.5° mA 


)ar62 80.5° mA 


Step 2. Find the current in R due to source Vio by replacing V,, with its internal 
impedance (zero), as shown in Figure 19-3. 


CQ C, 
0.01 uF | 0.022 uF + Vv 
s2 
Vs # 820° V 
zeroed 10kO “ f= 10kHz 


FIGURE 19-3 
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Looking from V,9, the impedance is 


RX¢i 5, 0.0.20" kO)(1.59 Z 90° kD) 
ee ee Ot 1.0kQ — 71.59kO 
= 723 Z—90° O + 8472-32.2° 0 
= -/7230 + 7170 - j451.0 = 7170 - jul74.Q 


Converting to polar form yields 
Z = 13762 —58.6° ©} 
The total current from V,» is 


v, 8Z0°V 
—— = 5.81258.6° mA 
2" 7  13762-58.6° 2 - 


Use the current-divider formula. The current through R due to V,9 is 
Xc Za ~~) 
ol —— 
‘R2 ( a a s2 
= ( 1592—90°kD 


ae S81 258.6 mA = 4.91 226.4° mA 


Step 3. Convert the two individual resistor currents to rectangular form and add to get 
the total current through R. 
Ipi = 2.80225.6° mA = 2.53 mA + f1.21mA 
Ip2 = 4.91 226.4° mA = 4.40mA + j2.18mA 
Ip = Ig, + Ip = 6.93mA + j3.39mMA = 7.71226.1° mA 
Related Problem’ Determine Ip if V5. = 8 2180° V in Figure 19-1. 


Use Multisim file E19-01 to verify the calculated results in this example and to con- 
firm your calculation for the related problem. 


* Answers are at the end of the chapter. 


Example 19-2 illustrates the application of the superposition theorem for a circuit with 
two current sources, /,; and J,. 


EXAMPLE 19-2 


FIGURE 19-4 
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Solution Step 1. Find the current through the inductor due to current source /,; by replacing 
source J, with an open, as shown in Figure 19-5. As you can see, the entire 
100 mA from the current source J, is through the inductor. 


FIGURE 19-5 


I, 
100.20° mA open o 


Step 2 Find the current through the inductor due to current source [9 by replacing 
source J,,; with an open, as indicated in Figure 19-6. Notice that all of the 
30 mA from source J, is through the inductor. 


FIGURE 19-6 


I,2 
30.90° mA 


Step 3. To get the total inductor current superimpose the two individual currents and 
add as phasor quantities. 


I, = In ap Ip 
= 10020° mA + 30490° mA = 100mA + j30mA 
= 104 716.7° mA 


Related Problem Find the current through the capacitor in Figure 19-4. 


Example 19-3 illustrates the analysis of a circuit with an ac voltage source and a dc 
voltage source. This situation is common in many amplifier applications. 


EXAMPLE 19-3 Find the total current in the load resistor, R;, in Figure 19-7. Assume the sources are ideal. 


FIGURE 19-7 


0.22 uF 


sl 
520° V rms 
f =1kHz 
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Solution Step 1. Find the current through R;, due to the ac source V,, by zeroing (replacing 
with its internal impedance) the dc source Vso, as shown in Figure 19-8. 
Looking from V,1, the impedance is 


eR 

a b+ R, 
1 
Xc= = 7230 
© 2a(1.0kHz)(0.22 nF) 
(1.020°kN)(2.20°kQ) 

= —_ ‘ed + 

Z = 723 Z—90° O ae 


= —j723 0, + 6670 = 9842-47 3° 0 
The total current from the ac source is 
Vui SA We 


;, =e = 5.08.247.3° 
1 7% ~—«984.7—47.3° 0 ee 


Use the current-divider approach. The current in R, due to V,; is 


Ry 1.0kO 
I = a => | a @) = | . ° 
RL(s1) (= i =) ( 3kO )s 08 247.3° mA = 1.69.247.3° mA 


FIGURE 19-8 


its internal impedance), as shown in Figure 19-9. The impedance magnitude as 
seen by Vop is 


Z=R, + Rp = 3kO 
The current produced by Vs is 


FIGURE 19-9 


Step 2. Find the current in R; due to the de source Vs2 by zeroing V,) (replacing with 
| 
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Step 3. By superposition, the total current in Ry, is 1.69 747.3° mA riding on a dc level 
of 5 mA, as indicated in Figure 19-10. 


TI, 


1.6947.3° mA rms 


a 


SmA 


0° 


FIGURE 19-10 


Related Problem Determine the current through Ry, if Vs is changed to 9 V. 


Use Multisim file E19-03 to verify the calculated results in this example and to confirm 
your calculation for the related problem. 


re in opposing directions at any instant of time in a given 
net current at that instant? 
1 useful in the analysis of multiple-source circuits? 


theorem, find the magnitude of the current through R in 


19—2 THEVENIN’S THEOREM 


Theyenin’s theorem, as applied to ac circuits, provides a method for reducing any 
circuit to an equivalent form that consists of an equivalent ac voltage source in series 
with an equivalent impedance. 


816 © CirRcuiT THEOREMS IN AC ANALYsIsS 


After completing this section, you should be able to 
« Apply Thevenin’s theorem to simplify reactive ac circuits for analysis 
¢ Describe the form of a Thevenin equivalent circuit 


¢ Obtain the Thevenin equivalent ac voltage source 


TL ant © ae ise 


Equivalency 


The form of Thevenin’s equivalent circuit is shown in Figure 19—-!2. Regardless of how 
complex the original circuit is, it can always be reduced to this equivalent form The equiv- 
alent voltage source is designated V,,,; the equivalent impedance is designated Z,;, (lower- 
case italic subscript denotes ac quantity). Notice that the impedance is represented by a 
block in the circuit diagram. This is because the equivalent impedance can be of several 
forms: purely resistive, purely capacitive, purely inductive, or a combination of a resistance 
and a reactance. 


» FIGURE 19-12 Figure 19—13(a) shows a block diagram that represents an ac circuit of any given com- 
Thevenin’s equivalent circuit. plexity. This circuit has two output terminals, A and B. A load impedance, Z;, is connected 
to the terminals. The circuit produces a certain voltage, V,;, and a certain current, I,, as il- 
lustrated. 
A 
a | 4 
B 
(a) (b) 


& FIGURE 19-13 
An ac circuit of any complexity can be reduced to a Thevenin equivalent for analysis purposes. 


By Thevenin’s theorem, the circuit in the block can be reduced to an equivalent form, as 
indicated in the beige area of Figure 19-13(b). The term equivalent means that when the same 
value of load is connected to both the original circuit and Thevenin’s equivalent circuit, the 
load voltages and currents are equal for both. Therefore, as far as the load is concerned, there 
is no difference between the original circuit and Thevenin’s equivalent circuit. The load 
“sees” the same current and voltage regardless of whether it is connected to the original cir- 
cuit or to the Thevenin equivalent. For ac circuits, the equivalent circuit is for one particular 
frequency. When the frequency is changed, the equivalent circuit must be recalculated. 


Thevenin’s Equivalent Voltage (V,,,) 


As you have seen, the equivalent voltage, V,,, is one part of the complete Thevenin equiv- 
alent circuit. 


Thevenin’s equivalent voltage is defined as the open circuit voltage between two 
specified terminals in a circuit. 
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ac 


circuit 


(a) Circuit (b) With R removed 


» FIGURE 19-14 
How V,,, is determined. 


To illustrate, let’s assume that an ac circuit of some type has a resistor connected be- 
tween two specified terminals, A and B, as shown in Figure 19-14(a). We wish to find the 
Thevenin equivalent circuit for the circuit as “seen” by R. Vy, is the voltage across termi- 
nals A and B, with R removed, as shown in part (b) of the figure. The circuit is viewed from 
the open terminals A and B, and R is considered external to the circuit for which the 
Thevenin equivalent is to be found. 

The following three examples show how to find V;,. 


V,, for the circuit within the beige box as viewed 


ie : 


the voltage across X,. This is determined using the 


+ 


ps zoev = 11.2263.4°V 
V,, = 11.2.263.4° V 


erify the calculated results in this example and to con- 
problem. 
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EXAMPLE 19-5 Refer to Figure 19-16. Determine the Thevenin voltage for the circuit within the beige 
box as viewed from terminals A and B. 


FIGURE 19-16 


Solution Thevenin’s voltage for the circuit between terminals A and B is the voltage that ap- 
pears across A and B with R; removed from the circuit. 
There is no voltage drop across R2 because the open between terminals A and B 
prevents current through it. Thus, V4z is the same as Vc2 and can be found by the 
voltage-divider formula. 


Xo Z—90° ) -(Beos 
jy, = 


1.0kO — 73 1020 Me 


VaB = Voz = a — Xa — iXa 
_ ( 1.52Z—90° kO 
~ \3.16Z-71.6° kO 

Vin = Vap = 4.752-18.4° V 


10.20" V = 4.75 Z—-18.4° V 


Related Problem Determine V,, if R; is changed to 2.2 kQ in Figure 19-16. 


. Use Multisim file E19-05 to verify the calculated results in this example and to con- 
= y firm your calculation for the related problem. 


EXAMPLE 19-6 Refer to Figure 19-17. Find V,, for the circuit within the beige box as viewed from 
terminals A and B. 


_ FIGURE 19-17 


A 
R, R 
47kO, 10kO 


B 
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Solution First remove Ry and determine the voltage across the resulting open terminals, which 
is V;,. Find Vy, by applying the voltage-divider formula to X¢ and R. 


ee =| RZ0° ) = 10.20°kO )szorv 
eee 10K. — flOKO 
10Z0°kO 
= (———— —"__|5 for Vv = 3.55245°V 
(ea) e 


Notice X; has no effect on the result, since the 5 V source appears across X¢ and R in 
combination. 


Related Problem Find V,,, if R is 22 k© and R; is 39 kQ, in Figure 19-17. 


’ Use Multisim file E19-06 to verify the calculated results in this example and to con- 
* firm your calculation for the related problem. 


Thevenin’s Equivalent Impedance (Z,,) 


The previous examples illustrated how to find V,,. Now, let’s determine the Thevenin 
equivalent impedance, Z,,,, the second part of a Thevenin equivalent circuit. As defined by 
Thevenin’s theorem, 


Thevenin’s equivalent impedance is the total impedance appearing between two speci- 
fied terminals in a given circuit with all sources replaced by their internal impedances. 


To find Z,, between any two terminals in a circuit, replace all the voltage sources by a short 
(any internal impedance remains in series). Replace all the current sources by an open (any 
internal impedance remains in parallel). Then determine the total impedance between the 
two terminals. The following three examples illustrate how to find Z,,. 


EXAMPLE 19-7 Find Z,, for the part of the circuit in Figure 19-18 that is within the beige box as 
viewed from terminals A and B. This is the same circuit used in Example 19-4 


FIGURE 19-18 


Solution First, replace V, with its internal impedance (zero in this case), as shown in Figure 19-19. | 
Looking in between terminals A and B, R, and X, are in parallel. Thus, 


_ (Ry Z0°X(X, 290°) _ (100.20° 2)(50.290° D) 
. (2 ae 1000 + j500 
_ (100.20° 9)(50.290° 0) 
= 112 226.6° O 


ith 


= 44.6 763.4° 0 


820 ® Circuit THEOREMS IN AC ANALYSIS 


FIGURE 19-19 


100 0 


V, 
zeroed 


Related Problem Change R, to 47 (2 and determine Z,,. 


EXAMPLE 19-8 Refer to Figure 19—20. Determine Z,;, for the circuit within the beige box as viewed 
from terminals A and B. This is the same circuit used in Example 19-5. 


FIGURE 19-20 


Solution First, replace the voltage source with its internal impedance (zero in this case), as 
shown in Figure 19-21. 


zeroed 


a ns 
N 
= 


bt 
A 
| 


FIGURE 19-21 
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Looking from terminals A and B, C2 appears in parallel with the series combination 
of R; and Cj. This entire combination is in series with R. The calculation for Z,;, is as 
follows: 

(XeoZ—90°)(R; — jXc) 
Ry — iXa1 — Xe 
(.52Z—90°kD)G.0kO — 71.5kQ) 
1.0k0 — j3kO 

(1.5 Z—90° kQ)(1.8 Z —56.3° kD) 

3.162 —-71.6° kO 
= 560 20° 0 + 8542 —-74.7° O = 5600 + 2250 — 78240 
= 785 Q — 78240 = 1138 2—46.4° 0 


Li = Ry Z0° qF 


= 56020° 2 + 


= 56020° 0 + 


Related Problem Determine Z,, if R, is changed to 2.2 kO in Figure 19-20. 


EXAMPLE 19-9 Refer to Figure 19-22. Determine Z,, for the portion of the circuit within the beige 
box as viewed from terminals A and B. This is the same circuit as in Example 19-6. 


FIGURE 19-22 


Solution With the voltage source replaced by its internal impedence (zero in this case), X,, is 
effectively out of the circuit. R and C appear in parallel when viewed from the open 
terminals, as indicated in Figure 19-23. Z,,, is calculated as follows: 

— (RZ0°V(XeZ—90°) — (10. 20° kO)(10 Z—90° kD) 


Wi 


R= ix, 10.0 — ji0kO 
eee, TE 
FIGURE 19-23 Ris 
aa 
oy | oun 


Related Problem Find Zy, if R is 22 kO and R, is 39 kQ in Figure 19-22. 
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Thevenin’s Equivalent Circuit 


The previous six examples have shown how to find the two equivalent components of a 
Thevenin circuit, V,,, and Z,;,. Keep in mind that you can find V,,, and Z,, for any circuit. 
Once you have determined these equivalent values, you must connect them in series to 
form the Thevenin equivalent circuit. The following three examples use the previous ex- 
amples to illustrate this final step. 


EXAMPLE 19-10 Refer to Figure 19-24. Draw the Thevenin equivalent for the circuit within the beige 
box as viewed from terminals A and B. This is the circuit used in Examples 19-4 
and 19-7. 


FIGURE 19-24 


Solution From Examples 19-4 and 19-7, respectively, V,, = 11.2263.4° V and 
Zin, = 44.6.2 63.4° Q. In rectangular form, the impedance is 


Zn = 200. + 400, 


This form indicates that the impedance is a 20 C resistor in series with a 40 0 
inductive reactance. The Thevenin equivalent circuit is shown in Figure 19-25. 


Zy, 


20 0 


Vian 
11.2.463.4° V 


FIGURE 19-25 | 


| 
| 
Related Problem Draw the Thevenin equivalent circuit for Figure 19-24 with R; = 470. | 
{ 
| 
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EXAMPLE 19-11 Refer to Figure 19-26. Draw the Thevenin equivalent for the circuit within the beige 
box as viewed from terminals A and B. This is the circuit used in Examples 19-5 


and 19-8. 


FIGURE 19-26 


Solution From Examples 19-5 and 19-8, respectively, V,, = 4.75 Z—18.4° V and 
Z,;, = 1138 2 —46.4° ©. In rectangular form, the impedance is 


Zu, = 785 0. — j824.0 


The Thevenin equivalent circuit is shown in Figure 19-27. 


Lin 
8240 


785 0 


Vin 
4.75Z-18.4° V 


FIGURE 19-27 


Related Problem Draw the Thevenin equivalent for the circuit in Figure 19-26 with Ry = 2.2k©. 


EXAMPLE 19-12 Refer to Figure 19-28. Determine the Thevenin equivalent for the circuit within the 
beige box as viewed from terminals A and B This is the circuit used in Examples 19-6 
and 19-9. 
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lance in rectangular form is 
Lin = 5kO — j5kQ 


d R, to 39 KO. in Figure 19-28 and draw the Thevenin equiva- 


Summary of Thevenin’s Theorem 


Remember that the Thevenin equivalent circuit is always a voltage source in series with an 
impedance regardless of the original circuit that it replaces. The significance of Thevenin’s 
theorem is that the equivalent circuit can replace the original circuit as far as any external 
load is concerned. Any load connected between the terminals of a Thevenin equivalent cir- 
cuit experiences the same current and voltage as if it were connected to the terminals of the 
original circuit. 

A summary of steps for applying Thevenin’s theorem follows. 


Step 1. Open the two terminals between which you want to find the Thevenin circuit. 
This is done by removing the component from which the circuit is to be viewed. 


Step 2. Determine the voltage across the two open terminals. 


Step 3. Determine the impedance viewed from the two open terminals with ideal volt- 
age sources replaced with shorts and ideal current sources replaced with opens 
(zeroed). 


Step 4. Connect V,, and Z,,, in series to produce the complete Thevenin equivalent 
circuit. 
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- components of a Thevenin equivalent ac circuit? 
uit, Zp, = 25 O — j50 0, and Vy, = 520° V. Draw the Thevenin 


19-3 NORTON’S THEOREM 


Like Thevenin’s theorem, Norton’s theorem provides a method of reducing a more 
complex circuit to a simpler, more manageable form for analysis. The basic difference 
is that Norton’s theorem gives an equivalent current source (rather than a voltage 
source) in parallel (rather than in series) with an equivalent impedance. 


After completing this section, you should be able to 
ify reactive ac circuits 


The form of Norton’s equivalent circuit is shown in Figure 19-31. Regardless of how 
complex the original circuit is, it can be reduced to this equivalent form. The equivalent 
current source is designated I, and the equivalent impedance is Z,, (lowercase italic sub- ay 
script denotes ac quantity). 

Norton’s theorem shows you how to find I,, and Z,,. Once they are known, simply con- 
nect them in parallel to get the complete Norton equivalent circuit. OB 


: & FIGURE 19-31 
Norton’s Equivalent Current Source (1,,) Norton eq untilene avait 


I,, is one part of the Norton equivalent circuit; Z,, is the other part. 
Norton’s equivalent current is defined as the short-circuit current between two 
specified terminals in a given circuit. 


Any load connected between these two terminals effectively “sees” a current source I,, in 
parallel with Z,,. 

To illustrate, let’s suppose that the circuit shown in Figure 19-32 has a load resistor con- 
nected to terminals A and B, as indicated in part (a), and we wish to find the Norton equivalent 
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ac ac 


circuit circuit 


(a) Circuit with load resistor (b) Load is replaced by a short, resulting 
in a short circuit current, I,,. 


FIGURE 19-32 


How I, is determined. 


for the circuit as viewed from terminals A and B. To find I,,, calculate the current between ter- 
minals A and B with those terminals shorted, as shown in part (b). Example 19-13 shows how 
to find I,,. 


EXAMPLE 19-13 In Figure 19-33, determine I,, for the circuit as “seen” by the load resistor. The beige 
area identifies the portion of the circuit to be nortonized. 


FIGURE 19-33 


Solution Short the terminals A and B, as shown in Figure 19-34. 


FIGURE 19-34 


[,, is the current through the short and is calculated as follows. First the total im- 
pedance viewed from the source is 


RX oO ae oO 
2 59 7-990 () 4 540" 911002 -90° 9) 
R+ Xo 56.0 — j1000 
= 502-90° 0, + 48.92-29.3° 0 
= —j50.0, + 42.60 — 723.90 = 42.60 — 773.90 


Converting to polar form yields 
Z = 85.3Z—60.0° 0 


Z= Xq + 


NortTon’s THEOREM ¢@ 827 


tal current from the source is 


Vv, 6Z0°V 
ee 2 703.2600° mA 
aime caer, oom 


ie current-divider formula to get I, (the current through the short 


5620° 0 
= | ——_— _ ]70 3 460.0° mA = 34.4121° mA 
s = — 7100 = ee 7 


the value for the equivalent Norton current source. 


es 


1 I, if V, is changed to 2.5.20° V and R is changed to 33 2 in Figure 19-33. 


Norton’s Equivalent Impedance (Z,,) 


Z,, is defined the same as Z,;,: It is the total impedance appearing between two specified ter- 
minals of a given circuit viewed from the open terminals with all sources replaced by their 
interna] impedances. 


Le kin in between terminals A and B, C> is in series with the parallel combination 
R Thus, 

RXc (56.20° 0)(50.2—90° ©) 
—_—_— = ]1 WL — 9° 0 Eee 
R+ Xcq a tt 560 — j500 

= 1002—90° © + 37.32—48.2° 0, 
= —f1000 + 24.80 — j2780 = 2480 — j1280 


rton equivalent impedance is a 24.8 ( resistance in series with a 128 O 


‘igure 19-33 if R = 330. 


Examples 19-13 and 19-14 showed how to find the two equivalent components of a 
Norton equivalent circuit. Keep in mind that you can find these values for any given ac cir- 
cuit. Once you know I, and Z,,, connect them in parallel to form the Norton equivalent cir- 
cuit, as Example 19-15 illustrates. 
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EXAMPLE 19-15 Show the complete Norton equivalent circuit for the circuit in Figure 19-33 (Example 
19-13). 


Solution From Examples 19-13 and 19-14, respectively, I, = 34.42121° mA and Z, = 
24.8 O — j128 ©. The Norton equivalent circuit is shown in Figure 19-36. 


FIGURE 19-36 


I, 
34.42121° mA 


Related Problem Show the Norton equivalent for the circuit in Figure 19-33 if V, = 2.5.20° V and 
R = 33. 


Summary of Norton’s Theorem 


Any load connected between the terminals of a Norton equivalent circuit will have the 
same current through it and the same voltage across it as it would when connected to the 
terminals of the original circuit. A summary of steps for theoretically applying Norton’s 
theorem is as follows: 


Step 1. Replace the load connected to the two terminals between which the Norton 
circuit is to be determined with a short. 


Step 2. Determine the current through the short. This is I,. 


Step 3. Open the terminals and determine the impedance between the two open termi- 
naJs with all sources replaced with their internal impedances. This is Z,,. 


Step 4. Connect I, and Z,, in parallel. 
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19-4 MAXIMUM POWER TRANSFER THEOREM 


Maximum power is transferred to a load connected to a circuit when the load impedance 
is the complex conjugate of the circuit’s output impedance. 


After completing this section, you should be able to 


¢ Apply the maximum power transfer theorem 


The complex conjugate of R — jXcis R + jX,;, and vice versa, where the resistances 
are equal in magnitude and the reactances are equal in magnitude but opposite in sign. The 
output impedance is effectively Thevenin’s equivalent impedance viewed from the output 
terminals. When Z, is the complex conjugate of Z,,;, maximum power is transferred from 
the circuit to the load with a power factor of 1. An equivalent circuit with its output imped- 
ance and load is shown in Figure 19-38. 


4 FIGURE 19-38 
Equivalent circuit with load. 


Example 19-16 shows that maximum power occurs when the impedances are conju- 
gately matched. 


ting a power amplifier delivering power to a complex 
nt of a more complex circuit. Calculate and plot a 
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graph of the power delivered to the load for each of the following frequencies: 10 kHz, 
30 kHz, 50 kHz, 80 kHz, and 100 kHz. 
Solution For f = 10kHz, 
1 i 
~ QnfC  27(10kHz)(0.01 pF) 
X, = 2nfL = 27(10kHz)(1 mH) = 628.0. 


Xe = 1.59kO, 
The magnitude of the total impedance is 
Zit = V(R, + RD? + (X, — Xo” = V(20 0)? + 1.53kOY? = 1.53k0 


The current is 


SS 
Z 153k0 


= 6.54mA 


The load power is 
P, = PR, = (6.54 mA)°(10 Q) = 428 pW 
For f = 30 kHz, 
_ =o 
277(30 kHz)(0.01 uF) 
X;, = 27(30 kHz)(1 mH) = 189 © 


Zot = V (20 2)? + (342.0)? = 343.0 


= 5310 


V;  10V 
= =——— = 292mA 
wea oo 
P, = PR, = (29.2mA)*(10 QD) = 8.53 mW 


For f = 50 kHz, 
a 1 
C ~ 27(50 kHz)(0.01 4F) 
X, = 27(50 kHz)(1 mH) = 31429 


= 3180 


Note that X¢ and X; are very close to being equal which makes the impedances ap- 
proximately complex conjugates. The exact frequency at which X; = Xc is 50.3 kHz. 


Ze O00) + (4 0) = 20.4.0 


10V 


‘ie vie = 490mA 
oo 8 40 a 
P, = PR, = (490 mA)*(10 OD) = 2.40 W 
For f = 80 kHz, 
1 


~ 2ar(80 kHz)(0.01 pF) 

X, = 2m(80kHz)(1 mH) = 503 2 

Zoe = V(20 07? + (304 OY = 3050 
V, 10V 

= = 8 mA 

Zor 3050 a 


P, = PR, = 32.8mA)(10 QD) = 10.8mW 
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For f = 100 kHz, 
— 1 
© 27(100 kHz\(0.01 pF) 
X, = 27(100 kHz)(1 mH) = 628 0 
Zior = (20.0)? + (469 0 = 469.0 
Vo 10V 
=—i= = 213mA 
Zin 4699 ~ 
P, = PR, = (21.3 mA)°(10 Q) = 4.54mW 


= 1590 


As you can see from the results, the power to the load peaks at the frequency 
(50 kHz) for which the load impedance is the complex conjugate of the output 
impedance (when the reactances are equal in magnitude). A graph of the load power 
versus frequency is shown in Figure 19-40. Since the maximum power is so much 
larger than the other values, an accurate plot is difficult to achieve without intermediate 
values. 


FIGURE 19-40 


Related Problem If R = 47 0 and C = 0.022 pF ina series RC circuit, what is the complex conjugate 
of the impedance at 100 kHz? 


~~ Use Multisim file E19-16 to verify the calculated results in this example. 
: 


Example 19-17 illustrates that the frequency at which maximum load power occurs is 
the value that makes the source and load impedances complex conjugates. 


EXAMPLE 19-17 (a) Determine the frequency at which maximum power is transferred from the ampli- 
fier to the speaker in Figure 19-41(a). The amplifier and coupling capacitor are 
the source, and the speaker is the load, as shown in the equivalent circuit of Figure 
19-41(b). 


(b) How many watts of power are delivered to the speaker at this frequency if V, = 
3.8 V rms? 
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Amplifier 
R, c 
80 
0.1 WF Speaker 
Ry 
8D 


= 


(b) 


FIGURE 19-41 


Solution (a) When the power to the speaker is maximum, the source impedance (R, — jXc) 
and the load impedance (Rw + jX,) are complex conjugates, so 


Xc = Xp 
1 
——— 
aac | OE 
Solving for f, 
1 
2 = 
f 4m°LC 
1 1 
f= = 159K 


2aVLC 2aV(100mH)O0.1 pA) 


(b) Calculate the power to the speaker as follows: 
Zot = Ry + Rw = 80480 = 160 
V;  3.8V 
I i  —d 
ee 60 238 mA 


Pinay = PRw = (238 mA)°(8 Q) = 453mW 


Related Problem Determine the frequency at which maximum power is transferred from the amplifier to 
the speaker in Figure 19-41 if the coupling capacitor is 1 uF. 


of a certain driving circuit is 50 — j10 Q, what value of 
it in the maximum power to the load? 


1, how much power is delivered to the load when the load 
conjugate of the output impedance and when the load 
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A Circuit Application 


In this circuit application, you have : will determine the proper load for maximum power transfer. The 
a sealed band-pass filter module : filter circuit contained in a sealed module and two schematics, 
that has been removed from a system one of which corresponds to the filter circuit, are shown in 

and two schematics. Both schematics : Figure 19-42. 

indicate that the band-pass filter is implemented with a low- 
pass/high-pass combination. It is uncertain which schematic cor-_} 
responds to the filter module, but one of them does. By certain @ Based on the oscilloscope measurement of the filter output 


Filter Measurement and Analysis 


measurements, you will determine which schematic represents shown in Figure 19-43, determine which schematic in 
the filter so that the filter circuit can be reproduced. Also, you : Figure 19-42 represents the component values of the filter 


Band-pass filter 
module 


IN. GND OUT Schematic A 


In 


Schematic B 


» FIGURE 19-42 
Filter module and schematics. 


Band-pass filter 
module 


IN. GND OUT q@) 


10 V peak-to-peak signal 
from function generator 


A FIGURE 19-43 
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circuit in the module. A 10 V peak-to-peak voltage is applied i Review 


to the input. ! 1. Determine the peak-to-peak output voltage at the frequency 
Based on the oscilloscope measurement in Figure 19-43, : shown in Figure 19-43 of the circuit in Figure 19-42 that 
determine if the filter is operating at its approximate center was determined not to be in the module. 


frequency. : 2. Find the center frequency of the circuit in Figure 19-42 that 
Using Thevenin’s theorem, determine the load impedance : was determined not to be in the module. 

that will provide for maximum power transfer at the center 

frequency when connected to the output of the filter. Assume 

the source impedance is zero. 


® The superposition theorem is useful for the analysis of both ac and dc multiple-source circuits. 

® Thevenin’s theorem provides a method for the reduction of any ac circuit to an equivalent form 
consisting of an equivalent voltage source in series with an equivalent impedance. 

® The term equivalency, as used in Thevenin’s and Norton’s theorems, means that when a given load 
impedance is connected to the equivalent circuit, it will have the same voltage across it and the 
same current through it as when it is connected to the original circuit. 

® Norton’s theorem provides a method for the reduction of any ac circuit to an equivalent form con- 
sisting of an equivalent current source in parallel with an equivalent impedance. 

® Maximum power is transferred to a load when the load impedance is the complex conjugate of the 
impedance of the driving circuit. 


-KEYTERMS st” These key terms are also in the end-of-book glossary. 


Complex conjugate A complex number having the same real part and an oppositely signed imag- 
inary part; an impedance containing the same resistance and a reactance opposite in phase but equal 
in magnitude to that of a given impedance. 


Equivalent circuit A circuit that produces the same voltage and current to a given load as the 
original circuit that it replaces. 

Norton’s theorem A method for simplifying a two-terminal circuit to an equivalent circuit with 
only a current source in parallel with an impedance. 

Superposition theorem A method for the analysis of circuits with more than one source. 


Thevenin’s theorem A method for simplifying a two-terminal circuit to an equivalent circuit with 
only a voltage source in series with an impedance. 


Answers are at the end of the chapter. 


1. In applying the superposition theorem, 

(a) all sources are considered simultaneously 

(b) all voltage sources are considered simultaneously 

(c) the sources are considered one at a time with all others replaced by a short 

(d) the sources are considered one at a time with all others replaced by their internal impedances 
2. A Thevenin ac equivalent circuit always consists of an equivalent ac voltage source 

(a) and an equivalent capacitance 

(b) and an equivalent inductive reactance 

(c) and an equivalent impedance 


(d) in series with an equivalent capacitive reactance 
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3. One circuit is equivalent to another when 
(a) the same load has the same voltage and current when connected to either circuit 
(b) different loads have the same voltage and current when connected to either circuit 
(c) the circuits have equal voltage sources and equal series impedances 
(d) the circuits produce the same output voltage 
4. The Thevenin equivalent voltage is 
(a) the open circuit voltage (b) the short circuit voltage 
(c) the voltage across an equivalent load (d) none of the above 
5. The Thevenin equivalent impedance is the impedance looking from 
(a) the source with the output shorted 
(b) the source with the output open 
(c) any two specified open terminals with all sources replaced by their internal impedances 
(d) any two specified open terminals with all sources replaced by a short 
6. A Norton ac equivalent circuit always consists of 
(a) an equivalent ac current source in series with an equivalent impedance 
(b) an equivalent ac current source in parallel with an equivalent reactance 
(c) an equivalent ac current source in parallel with an equivalent impedance 
(d) an equivalent ac voltage source in parallel with an equivalent impedance 


x 


The Norton equivalent current is 
(a) the total current from the source 
(b) the short circuit current 
(c) the current to an equivalent load 
(d) none of the above 
8. The complex conjugate of 50. + j100 © is 
(a) 50 — j500 (b) 10092 + f50Q (ce) 1000 — j500 (d) 500 — j1000 
9. In order to get maximum power transfer from a capacitive source, the load must 
(a) have a capacitance equal to the source capacitance 
(b) have an impedance equal in magnitude to the source impedance 
(c) be inductive 
(d) have an impedance that is the complex conjugate of the source impedance 
(e) answers (a) and (d) 


Answers are at the end of the chapter. 


Refer to Figure 19-47. 
1. If the de voltage source is shorted out, the voltage at point A with respect to ground 
(a) increases (b) decreases (c) stays the same 
2. If Cz opens, the voltage across Rs5 
(a) increases (b) decreases (c) stays the same 
3. If Cz opens, the de voltage across Rs5 


(a) increases (b) decreases (c) stays the same 


Refer to Figure 19-49(c). 
4. If V2 is reduced to 0 V, the voltage across Ry, 
(a) increases (b) decreases (c) stays the same 
5. If the frequency of the voltage sources is increased, the current through R,, 
(a) increases (b) decreases (c) stays the same 
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Refer to Figure 19-50. 
6. If the frequency of the source voltage is increased, the voltage across R, 
(a) increases (b) decreases (c) stays the same 
7. If R, opens, the voltage across it 


(a) increases (b) decreases (c) stays the same 


Refer to Figure 19-51. 
8. If the source frequency is increased, the voltage across R3 
(a) increases (b) decreases (c) stays the same 
9. If the capacitor value is reduced, the current from the source 


(a) increases (b) decreases (c) stays the same 


Refer to Figure 19-54. 
10. If R> opens, the current from the current source 

(a) increases (b) decreases (c) stays the same 
11. If the frequency of the voltage source increase, X¢> 

(a) increases (b) decreases (c) stays the same 
12. If the load is removed, the voltage across R3 

(a) increases (b) decreases (c) stays the same 
13. If the load is removed, the voltage across Ro 

(a) increases (b) decreases (c) stays the same 


cs More difficult problems are indicated by an asterisk (*). 
PROBLEMS Answers to odd-numbered problems are at the end of the book. 
SECTION 19-1 The Superposition Theorem 


1. Using the superposition method, calculate the current through R3 in Figure 19-44. 


2. Use the superposition theorem to find the current in and the voltage across the R2 branch of 
Figure 19-44. 


> FIGURE 19-44 X 


1k 
Vv, 
220° V 


3. Using the superposition theorem, solve for the current through R, in Figure 19-45. 


© FIGURE 19-45 L 


@ 005 
0.0022 wF R 10 mH 
18kO 
J Vv. Ry 
10040° mA |  7520°V 47kO 
f = 30kHz | f= 30kHz 
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4. Using the superposition theorem, find the current through R; in each circuit of Figure 19-46. 


» FIGURE 19-46 


*§. Determine the voltage at each point (A, B, C, D) in Figure 19-47. Assume Xc = 0 for all 
capacitors. Draw the voltage waveforms at each of the points. 


*6. Use the superposition theorem to find the capacitor current in Figure 19-48. 


Vin 
12730°V 0.52120° A 
A FIGURE 19-47 4 FIGURE 19-48 
SECTION 19-2 Thevenin’s Theorem 
7. For each circuit in Figure 19-49, determine the Thevenin equivalent circuit for the portion of 
the circuit viewed by R_. 
5 
Vv 
Ry, 
0 Vv # Q 1.0 tn 860 2 58002 > R 
L 
10.230° V 

(a) (b) 


» FIGURE 19-49 
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8. Using Thevenin’s theorem, determine the current through the load R; in Figure 19-50. 


*9, Using Thevenin’s theorem, find the voltage across Ry in Figure 19-51. 


R Ry R; 
AM — AN —o 
22 kO 22 KO 22 kO, 
R, . 

v, 100 kO. ! 
x 20° V ae UF i HF : 

= 100Hz 5020° V 

& FIGURE 19-50 « FIGURE 19-51 


*10. Simplify the circuit external to R3 in Figure 19-52 to its Thevenin equivalent 


4& FIGURE 19-52 


SECTION 19-3 Norton’s Theorem 
11. For each circuit in Figure 19-49, determine the Norton equivalent as seen by R;,. 
12. Using Norton’s theorem, find the current through the load resistor R, in Figure 19-50. 
*13. Using Norton’s theorem, find the voltage across Ry in Figure 19-51. 


SECTION 19-4 Maximum Power Transfer Theorem 


14. For each circuit in Figure 19-53, maximum power is to be transferred to the load R,. 
Determine the appropriate value for the load impedance in each case 


R Cc R 
—C}-—-— = O 
c 500 
0 0047 uF R 22 uF 
8.2 kO Z L Vv 73 
Fie mA 100 mH 5 
Xe 100° V 
5kO., f = 120Hz 


(a) (c) 
4 FIGURE 19-53 
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*15. Determine Z, for maximum power in Figure 19-54. 


I, 
1230° mA 


» FIGURE 19-54 


*16. Find the load impedance required for maximum power transfer to Z, in Figure 19—55. 
Determine the maximum true power. 


*17. A load is to be connected in the place of R2 in Figure 19-52 to achieve maximum power 
transfer. Determine the type of load, and express it in rectangular form. 


» FIGURE 19-55 


Vv; 
100° V rms 


Multisim Troubleshooting and Analysis 
=. These problems require your Multisim CD-ROM. 
18. Open file P19-18 and determine if there is a fault. If so, find the fault. 
19. Open file P19-19 and determine if there is a fault. If so, find the fault. 
20. Open file P{9-20 and determine if there is a fault. If so, find the fault. 


21. Open file P19-21 and determine if there is a fault. If so, find the fault. 


22. Open file P19-22 and determine the Thevenin equivalent circuit by measurement looking from 
Point A. 


23. Open file P19-23 and determine the Norton equivalent circuit by measurement looking from 
Point A. 


ANSWERS 


SECTION REVIEWS 


SECTION 19-1 The Superposition Theorem 
1. The net current is zero. 


2. The circuit can be analyzed one source at a time using superposition. 
3. Ip = 12mA 
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SECTION 19-2 Thevenin’s Theorem 
1. The components of a Thevenin equivalent ac circuit are equivalent voltage source and equiva- 
lent series impedance. 
2. See Figure 19-56. 
3. Zy, = 21.50 — 715.7 O; Vy, = 4.14.253.8° V 


Lin 


» FIGURE 19-56 


SECTION 19-3 Norton’s Theorem 
1. See Figure 19-57. 
2. Z, = RZO0° = 1.220°kO;1, = 1020°mA 


» FIGURE 19-57 


SECTION 19-4 Maximum Power Transfer Theorem 
1. Z, = 500 + j100 
2. P, = 200W 


A Circuit Application 
1. Vou; = 166.2 —66.1° mV pp 
2. fo = 4.76 kHz 


RELATED PROBLEMS FOR EXAMPLES 
19-1 2.112—153°mA 

19-2 30290°mA 

19-3 1.69247.3° mA riding on a dc level of 3 mA 
19-4 18.2243.2°V 

19-5 4.032—36.3°V 

19-6 4.55224.4°V 

19-7 34.3.243.2° 0, 

19-8 1.372—47.8°kO 

19-9 9.102 —65.6° kO 

19-10 See Figure 19-58. 

19-11 See Figure 19-59. 

19-12 See Figure 19-60. 


25 0 235.0) 


18.2.243.2° V 


OB 


» FIGURE 19-58 
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A A 
9189  jolkO 376k — gogkn 
4.032-36.3° V 4.55224.4°V 

OB B 

« FIGURE 19-59 « FIGURE 19-60 


19-13 11.7.2135°mA 
19-14 1172Z—-78.7° 0} 
19-15 See Figure 19-61. 


» FIGURE 19-61 


11.72135° mA 


19-16 470 + j72.30 
19-17 503 Hz 


SELF-TEST 
1. (d) 2. (c) 3. (a) 4. (a) 5. (c) 
6. (c) 7. (b) 8. (da) 9. (a) 


CIRCUIT DYNAMICS QUIZ 
1. © 2. (a) 3. (c) 4. (b) 5: (a) 6. (a) 
9. (b) 10. (c) 11. (b) 12. (b) 13. (a) 


OA 


7. (a) 8. (a) 


o 


TIME RESPONSE OF 


REACTIVE CIRCUITS 


- “— a 


The RC Integrator In the circuit application, you will have to specify the wiring 
Response of an RC Integrator to a Single Pulse in a time-delay circuit. You will also determine component 
values to meet certain specifications and then determine in- 
strument settings to properly test the circuit. 


Response of RC Integrators to Repetitive Pulses 
Response of an RC Differentiator to a Single Pulse 
Response of RC Differentiators to Repetitive Pulses 


Response of RL Integrators to Pulse Inputs _ aaa _ 
Response of RL Differentiators to Pulse Inputs Study aids for this chapter are available at =] 
Relationship of Time Response to Frequency http:/Avww. prenhall.com/floyd 
Response - 
Troubleshooting NTRODUCT 
A Circuit Application In Chapters 15 and 16, the frequency response of RC and > 
RL circuits was covered. In this chapter, the time response ~ } 
BJECTIVES of RC and RI circuits with pulse inputs is examined. Before A) 
. : ; starting this chapter, you should review the material in Sec- 
Explain the operation of an RC integrator tions 12-5 and 13-4. Understanding exponential changes of Ny 
Analyze an RC integrator with a single input pulse voltages and currents in capacitors and inductors is crucial 
Analyze an RC integrator with repetitive input pulses to the study of time response. Throughout this chapter, ; 
Analyze an RC differentiator with a single input pulse alee formulas that were given in Chapters 12 and * 
Analyze an RC differentiator with repetitive input pulses With pulse inputs, the time responses of circuits are im- — 
Analyze the operation of an RL integrator portant. In the areas of pulse and digital circuits, technicians ad 
are often concerned with how a circuit responds over an in- ‘ 


Analyze the operation of an RL differentiator 


Explain the relationship of time response to frequency response terval of time to rapid changes in voltages or curtent. The 


: ‘ , relationship of the circuit time constant to the input pulse 
Troubleshoot RC integrators and RC differentiators characteristics, such as pulse width and period, determines 


the wave shapes of voltages in the circuit. ed 
Integrator and differentiator, terms used throughout this ” 
Integrator chapter, refer to mathematical functions that are approxi- ’ 
: mated by these circuits under certain conditions. Mathemati- 
Time constant cal integration is an averaging process, and mathematical 
Transient time differentiation is a process for establishing an instantaneous 
Steady-state rate of change of a quantity. 
Differentiator 
DC component 
~~ 
ee 
] 
»~ 


—S 
’ 
~~. 
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20-1 THE RC INTEGRATOR 


In terms of time response, a series RC circuit in which the output voltage is taken across 
the capacitor is known as an integrator. Recall that in terms of frequency response, 

it is a low-pass filter. The term integrator is derived from the mathematical process 

of integration, which this type of circuit approximates under certain conditions. 


After completing this section, you should be able to 


¢ Explain the operation of an RC integrator 


Charging and Discharging of a Capacitor 


When a pulse generator is connected to the input of an RC integrator, as shown in Figure 
20-1, the capacitor will charge and discharge in response to the pulses. When the input 
goes from its low level to its high level, the capacitor charges toward the high level of the 
pulse through the resistor. This charging action is analogous to connecting a battery 
through a closed switch to the RC circuit, as illustrated in Figure 20—2(a). When the pulse 
goes from its high level back to its low level, the capacitor discharges back through the 
source. Compared to the resistance of the resistor, the resistance of the source is assumed 
to be negligible. This discharging action is analogous to replacing the source with a closed 
switch, as illustrated in Figure 20—2(b). 


© FIGURE 20-1 
An RC integrator with a pulse 


generator connected. 
Charging Discharging 
\ voltage voltage 
! J. 
0 0 

(a) When the input pulse goes HIGH, the source (b) When the input pulse goes back LOW, the 

effectively acts as a battery in series with a source effectively acts as a closed switch, 
closed switch, thereby charging the capacitor. providing a discharge path for the capacitor. 


A FIGURE 20-2 


The equivalent action when a pulse source charges and discharges the capacitor. 
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As you learned in Chapter 12, a capacitor will charge and discharge following an expo- 
nential curve. Its rate of charging and discharging, of course, depends on the RC time con- 
stant, a fixed time interval determined by R and C (7 = RC). 

For an ideal pulse, both edges are considered to be instantaneous. Two basic rules of ca- 
pacitor behavior help in understanding the response of RC circuits to pulse inputs. 


1. The capacitor appears as a short to an instantaneous change in current and as an 
open to dc. 


2. The voltage across the capacitor cannot change instantaneously—it can change 
only exponentially. 


Capacitor Voltage 


In an RC integrator, the output is the capacitor voltage. The capacitor charges during the 
time that the pulse is high. If the pulse is at its high level long enough, the capacitor will fully 
charge to the voltage amplitude of the pulse, as illustrated in Figure 20-3. The capacitor dis- 
charges during the time that the pulse is low. If the low time between pulses is long enough, 
the capacitor will fully discharge to zero, as shown in the figure. Then when the next pulse 
occurs, it will charge again. 


» FIGURE 20-3 
illustration of a capacitor fully charg- R 10V 


ing and discharging in response to a r “TLL. “ 
ulse input. Vin é 
z z 0 oo 


Charging Discharging 


tor in relation to an RC circuit, 
itor in an RC circuit to charge and discharge? 


20—2 RESPONSE OF AN RC INTEGRATOR TO A SINGLE PULSE 


From the previous section, you have a general idea of how an RC integrator responds 
to an input pulse. In this section, the response to a single pulse is examined in detail 


After completing this section, you should be able to 
¢ Analyze an RC integrator with a single input pulse 


¢ Discuss the importance of the circuit time constant 


¢ Define transient time 
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Two conditions of pulse response must be considered: 
1. When the input pulse width (fy) is equal to or greater than five time constants (ty = 57) 
2. When the input pulse width is less than five time constants (fy < 57) 


Recall that five time constants is accepted as the time for a capacitor to fully charge or fully dis- 
charge; this time is often called the transient time. A capacitor will fully charge if the pulse 
width is equal to or greater than five time constants (57). This condition is expressed as 
ty = Sr. At the end of the pulse, the capacitor fully discharges back through the source. 

Figure 20-4 illustrates the output waveforms for various RC transient times and a fixed 
input pulse width. Notice that as the transient time becomes shorter, compared to the pulse 
width, the shape of the output pulse approaches that of the input. In each case, the output 
reaches the full amplitude of the input. 


10V 

| \ St =Ilys 
aul ESE —= 

i '10V 

St =2.5 ps 
| ja 

i} "10V 

5c = Sys 

= 1 1 

| 10V 

| 1 Sr = 10ys 

| 1 

1 1 

| | 

i} I 


K— ty = 10 vs —> 
» FIGURE 20-4 


Variation of an RC integrator’s output pulse shape with time constant. The shaded areas indicate 
when the capacitor is charging or discharging. 


Figure 20—S shows how a fixed time constant and a variable input pulse width affect the 
integrator output. Notice that as the pulse width is increased, the shape of the output pulse 
approaches that of the input. Again, this means that the transient time is short compared to 


the pulse width. 
<@ FIGURE 20-5 
Variation of an RC integrator’s 
output pulse shape with input pulse 
width (the time constant is fixed). 
Dark blue is input and light blue is 
(a)ty = 5t (b) ty = 107 (c) ty = 207 


output. 


(d) ty = 407 
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(a) ty = 5r 
V 

(0) 

(C) ty << 57 


Now let’s examine the case in which the width of the input pulse is less than five time con- 
stants of the RC integrator. This condition is expressed as ty < 57. As you know, the capac- 
itor charges for the duration of the pulse. However, because the pulse width is less than the 
time it takes the capacitor to fully charge (57), the output voltage will not reach the full input 
voltage before the end of the pulse. The capacitor only partially charges, as illustrated in 
Figure 20-6 for several values of RC time constants. Notice that for longer time constants, the 
output reaches a lower voltage because the capacitor cannot charge as much. Of course, in the 
examples with a single pulse input, the capacitor fully discharges after the pulse ends. 


10V 


& FIGURE 20-6 


Capacitor voltage for various time constants that are longer than the input pulse width. Dark blue is 
input and light blue is output. 


When the time constant is much greater than the input pulse width, the capacitor charges 
very little, and, as a result, the output voltage becomes almost negligible, as indicated in 
Figure 20-6. 

Figure 20-7 illustrates the effect of reducirg the input pulse width for a fixed time con- 
stant value. As the input pulse width is reduced, the output voltage decreases because the 
capacitor has less time to charge. However, it takes the capacitor approximately the same 
length of time (57) to discharge back to zero for each condition after the pulse is removed. 


0 
(b) ty < 57 


(d) ty <<< St 


& FIGURE 20-7 
er SO ee 


The capacitor charges less and less as the input pulse width is reduced. The time constant is fixed. 
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EXAMPLE 20-1 A single 10 V pulse with a width of 100 ys is applied to the RC integrator in Figure 20-8. 
(a) To what voltage will the capacitor charge? 


(b) How long will it take the capacitor to discharge if the internal resistance of the 
pulse source is 50 0? 


(c) Draw the output voltage waveform. 


FIGURE 20-8 3 
O- —AAA;- ———— 1) 
100 kQO I 
10V 
Mi £ 
| | 0.001 uF 
0 [eal 
100 ys 
[e; : O 


Solution (a) The circuit time constant is 
7 = RC = (100k9)(0.001 nF) = 100 ps 


Notice that the pulse width is exactly equal to the time constant. Thus, the capaci- 
tor will charge approximately 63% of the full input amplitude in one time con- 
stant, so the output will reach a maximum voltage of 


Vour = (0.63)10 V = 6.3V 


(b) The capacitor discharges back through the source when the pulse ends. You can 
neglect the 50 © source resistance in series with 100 k©.. The total approximate 
discharge time, therefore, is 


57 = 5(100 ps) = 500 ps 


(c) The output charging and discharging curve is shown in Figure 20-9 


Vou (V) 


FIGURE 20-9 


Related Problem” If the input pulse width in Figure 20-8 is increased to 200 js, to what voltage will the 
capacitor charge? 


* Answers are at the end of the chapter. 
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EXAMPLE 20-2 Determine how much the capacitor in Figure 20-10 will charge when the single pulse 
is applied to the input. 


FIGURE 20-10 


ae] 
0 == 
5 ms 


Solution Calculate the time constant. 
7 = RC = (2.2kQ0)(1 pF) = 2.2 ms 


Because the pulse width is 5 ms, the capacitor charges for 2.27 time constants 
(5 ms/2.2 ms = 2.27). Use the exponential formula from Chapter 12 (Eq. 12-19) to 
find the voltage to which the capacitor will charge. With Vp = 25 V andt = 5 ms, 
the calculation is as follows: 
pve =e 
= (25 v)(1 = e oms/2.2m8) = (25 vj — e221) 
= (25 V)(1 — 0.103) = (25 V)(0.897) = 22.4 V 


These calculations show that the capacitor charges to 22.4 V during the 5 ms duration 
of the input pulse. It will discharge back to zero when the pulse goes back to zero. 


Related Problem Determine how much C will charge if the pulse width is increased to 10 ms 


‘C integrator, what condition must exist in order 
{| amplitude? 
which has a single input pulse, find the maximum out- 
e Capacitor will discharge. 
ate shape of the output voltage with respect to 


he input pulse width, will the capacitor fully charge? 
| the output voltage has the approximate shape of 
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20-3 RESPONSE OF RC INTEGRATORS TO REPETITIVE PULSES 


In electronic systems, you will encounter waveforms with repetitive pulses much more 
often than single pulses. However, an understanding of the integrator’s response to sin- 
gle pulses is necessary in order to understand how these circuits respond to repeated 
pulses. 
After completing this section, you should be able to 

¢ Analyze an RC integrator with repetitive input pulses 
- or discharge 


eee Eerie 


capacitor does not fulh 


sat) 


¢ Determine the response when the 
; 


ms 


If a periodic pulse waveform is applied to an RC integrator, as shown in Figure 20-12, 
the output waveshape depends on the relationship of the circuit time constant and the fre- 
quency (period) of the input pulses. The capacitor, of course, charges and discharges in re- 
sponse to a pulse input. The amount of charge and discharge of the capacitor depends both 
on the circuit time constant and on the input frequency, as mentioned. 


R 
10V 10V 
Vin | | | | | | iG 
0 0 
Capacitor is fully charging 
and fully discharging. 


» FIGURE 20-12 
RC integrator with a repetitive pulse waveform input (T = 107). 


If the pulse width and the time between pulses are each equal to or greater than five time 
constants, the capacitor will fully charge and fully discharge during each period (7) of the 
input waveform. This case is shown in Figure 20-12. 

When the pulse width and the time between pulses are shorter than five time constants, 
as illustrated in Figure 20-13 for a square wave, the capacitor will not completely charge 
or discharge. We will now examine the effects of this situation on the output voltage of the 
RC integrator. 


Less than 57 


Less than 57 


& FIGURE 20-13 


Input waveform that does not allow full charge or discharge of the capacitor in an RC integrator. 
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» FIGURE 20-14 


RC integrator with a square wave in- 


put having a period equal to two 
time constants (T = 27). 


®» FIGURE 20-15 


Input and output for the initially un- 


charged integrator in Figure 20-14. 


For illustration, let’s use an RC integrator with a charging and discharging time constant 
equal to the pulse width of a 10 V square wave input, as shown in Figure 20-14. This choice 
will simplify the analysis and will demonstrate the basic action of the integrator under these 
conditions. At this point, we do not care what the exact time constant value is because we 
know that an RC circuit charges approximately 63% during one time constant interval. 


o—-W —o 
R 
10V oe 
V.. 
: | | | | C= initially 
0 
| ¢ | « | zt | 


o— =e) 


Let’s assume that the capacitor in Figure 20-14 begins initially uncharged and examine 
the output voltage on a pulse-by-pulse basis Figure 20-15 shows the charging and dis- 
charging shapes of five pulses. 


+10V 
V nm 
0 F ' i " 1 
Ist i , 2nd , 3rd , 4th ; oth | ft 
os | ! | | ony ! \7.31V 7.31V! 
6.32V i {7.18V od \ 
‘ 2.69 V 
233 V "2.64 V 2.68 V | t 
0 i —— i 1 i — 


First pulse During the first pulse, the capacitor charges. The output voltage reaches 6.32 V 
(63.2% of 10 V), as shown in Figure 20-15. 


Between first and second pulses The capacitor discharges, and the voltage decreases to 
36.8% of the voltage at the beginning of this interval: 0.368(6.32 V) = 2.33 V. 


Second pulse The capacitor voltage begins at 2.33 V and increases 63.2% of the way to 
10 V. This calculation is as follows: The total charging range is 10 V — 2.33 V = 7.67 V. 
The capacitor voltage will increase an additional 63.2% of 7.67 V, which is 4.85 V. Thus, at 
the end of the second pulse, the output voltage is 2.33 V + 4.85 V = 7.18 V, as shown in 
Figure 20-15. Notice that the average is building up. 


Between second and third pulses The capacitor discharges during this time, and there- 
fore the voltage decreases to 36.8% of the initial voltage by the end of the second pulse: 
0.368(7.18 V) = 2.64 V. 


Third pulse At the start of the third pulse, the capacitor voltage begins at 2.64 V. The ca- 
pacitor charges 63.2% of the way from 2.64 V to 10 V: 0.632(10 V — 2.64 V) = 4.65 V. 
Therefore, the voltage at the end of the third pulse is 2.64 V + 4.65 V = 7.29 V. 


Between third and fourth pulses The voltage during this interval decreases due to ca- 
pacitor discharge. It will decrease to 36.8% of its value by the end of the third pulse. The 
final voltage in this interval is 0.368(7.29 V) = 2.68 V. 
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Fourth pulse At the start of the fourth pulse, the capacitor voltage is 2.68 V. The voltage 
increases by 0.632(10 V — 2.68 V) = 4.63 V. Therefore, at the end of the fourth pulse, the 
capacitor voltage is 2.68 V + 4.63 V = 7.31 V. Notice that the values are leveling off as 
the pulses continue. 


Between fourth and fifth pulses Between these pulses, the capacitor voltage drops to 
0.368(7.31 V) = 2.69 V. 


Fifth pulse During the fifth pulse, the capacitor charges 0.632(10 V — 2.69 V) = 4.62 V. 
Since it started at 2.69 V, the voltage at the end of the pulse is 2.69 V + 4.62 V = 7.31 V. 


Steady-State Time Response 


In the preceding discussion, the output voltage gradually built up and then began leveling off. 
It takes approximately 57 for the output voltage to build up to a constant average value. This 
interval is the transient time of the circuit. Once the output voltage reaches the average value 
of the input voltage, a Steady-state condition is reached that continues as long as the periodic 
input continues. This condition is illustrated in Figure 20-16 based on the values obtained in 
the preceding discussion. 
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steady- 
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4 FIGURE 20-16 
Output reaches steady state after 57. 


The transient time for our example circuit is the time from the beginning of the first 
pulse to the end of the third pulse. The reason for this interval is that the capacitor voltage 
at the end of the third pulse is 7.29 V, which is about 99% of the final voltage. 


The Effect of an Increase in Time Constant 


What happens to the output voltage if the RC time constant of the integrator is increased 
with a variable resistor, as indicated in Figure 20-17? As the time constant is increased, the 
capacitor charges less during a pulse and discharges less between pulses. The result is a 


Integrator with a variable RC time 
constant. 


~ FIGURE 20-17 
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(a) | 


(c) 3 


& FIGURE 20-18 
Effect of longer time constants on the output of an RC integrator (73 > 72 > 73). 


smaller fluctuation in the output voltage for increasing values of time constant, as shown in 
Figure 20-18. 

As the time constant becomes extremely long compared to the pulse width, the output 
voltage approaches a constant de voltage, as shown in Figure 20-18(c). This value is the 
average value of the input. For a square wave, it is one-half the amplitude. 


| for the first two pulses applied to the RC inte- 
€ Capacitor is initially uncharged and the rheo- 


5kO 


001 uF 


15 ps | 10 ps | 


|10 ws | 


2)(0.01 uF) = 50 ps 
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Obviously, the time constant is much longer than the input pulse width or the interval 


between pulses (notice that the input is not a square wave). In this case, the exponential 


formulas must be applied, and the analysis is relatively difficult. Follow the solution 
carefully. 


1. Calculation for first pulse: Use the equation for an increasing exponential be- 


(a) 


(b) 


(c) 


cause C is charging. Note that V; is 5 V, and ¢ equals the pulse width of 10 ys. 
Therefore, 


Vo = VA = ey = (5 vy = es) 


= (5 V)(1 — 0.819) = 906 mV 
This result is plotted in Figure 20—20(a). 


Calculation for interval between first and second pulse: Use the equation for a de- 
creasing exponential because C is discharging. Note that V; is 906 mV because C 

begins to discharge from this value at the end of the first pulse. The discharge time 
is 15 ys. Therefore, 


Ve Vee ee = (906 mV)e7 5#S/50us 
= (906 mV)(0.741) = 671 mV 


7 
out 


This result is shown in Figure 20~—20(b). 


v= V, + (V, — Ve” 


"4 
out 


. Calculation for second pulse: At the beginning of the second pulse, the output 
voltage is 671 mV. During the second pulse, the capacitor will again charge. In 
this case, it does not begin at zero volts. It already has 671 mV from the previous 
charge and discharge. To handle this situation, you must use the general exponen- 
tial formula. 


—> f 
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FIGURE 20-20 
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Using this equation, you can calculate the voltage across the capacitor at the end of 
the second pulse as follows: 
Woe ve # WV, — Vie 
5V + (671 mV — 5 V)e 18/50us 
=5V + (4.33 V)(0.819) =5V — 3.55V = 1.45V 


This result is shown in Figure 20~20(c). 

Notice that the output waveform builds up on successive input pulses. After approx- 
imately 57, it will reach its steady state and will fluctuate between a constant maxi- 
mum and a constant minimum, with an average equal to the average value of the input. 
You can see this pattern by carrying the analysis in this example further. 


Related Problermn Determine V,,; at the beginning of the third pulse. 


oo Use Multisim file E20-03 to verify the calculated results in this example and to con- 
« firm your calculation for the related problem. 


allow an RC integrator capacitor to fully charge and discharge when 
waveform is applied to the input? 
utput waveform look like if the circuit time constant is extremely short 
2 pulse width of a square wave input? 


2 time called that is required for the output voltage to build up to a constant 
lue when 57 is greater than the pulse width of an input square wave? 


ate response. 
average value of the output voltage of an integrator equal during steady state? 


20—4 RESPONSE OF AN RC DIFFERENTIATOR TO A SINGLE PULSE 


In terms of time response, a series RC circuit in which the output voltage is taken across 
the resistor is known as a differentiator. Recall that in terms of frequency response, it 
is a high-pass filter. The term differentiator is derived from the mathematical process of 
differentiation, which this type of circuit approximates under certain conditions. 


After completing this section, you should be able to 
e Analyze an RC differentiator with a single input pulse 
* Describe the response at the rising edge of the input pulse 


* Determine the response during and at the end of a pulse for various pulse 
width—time constant relationships 


Figure 20—21 shows an RC differentiator with a pulse input. The same action occurs in 
a differentiator as in an integrator, except the output voltage is taken across the resistor 
rather than across the capacitor. The capacitor charges exponentially at a rate depending on 
the RC time constant. The shape of the differentiator’s resistor voltage is determined by the 
charging and discharging action of the capacitor. 
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<4 FIGURE 20-21 


C An RC differentiator with a pulse 
generator connected. 


Pulse Response 


To understand how the output voltage is shaped by a differentiator, you must consider the 
following: 


1. The response to the rising pulse edge 
2. The response between the rising and falling edges 
3. The response to the falling pulse edge 


Response to the Rising Edge of the Input Pulse Let’s assume that the capacitor is ini- 
tially uncharged prior to the rising pulse edge. Prior to the pulse, the input is zero volts. 
Thus, there are zero volts across the capacitor and also zero volts across the resistor, as in- 
dicated in Figure 20—22(a). 

Let’s also assume that a 10 V pulse is applied to the input. When the rising edge occurs, 
point A goes to +10 V. Recall that the voltage across a capacitor cannot change instanta- 
neously, and thus the capacitor appears instantaneously as a short. Therefore, if point A 


(b) At rising edge of input pulse (c) During level part of pulse when ty > 57 


Pas 5 V (arbitrary value) 5 V (arbitrary value) 


A B 
LO V 10V 
SV 5V 
-5V 
(d) At falling edge of pulse when fy > 57 (e) During level part of pulse when ty < 57 (f) At falling edge of ee when ty < S57 


» FIGURE 20-22 


Examples of the response of an RC differentiator to a single input pulse under two conditions: 
tw = 5c and ty < 57. 
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goes instantly to +10 V, then point B must also go instantly to +10 V, keeping the capaci- 
tor voltage zero for the instant of the rising edge. The capacitor voltage is the voltage from 
point A to point B. 

The voltage at point B with respect to ground is the voltage across the resistor (and the 
output voltage). Thus, the output voltage suddenly goes to +10 V in response to the rising 
pulse edge, as indicated in Figure 20—22(b). 


Response During Pulse When ty = 57 While the pulse is at its high level between the 
rising edge and the falling edge, the capacitor is charging. When the pulse width is equal to 
or greater than five time constants (ty = 57), the capacitor has time to fully charge. 

As the voltage across the capacitor builds up exponentially, the voltage across the resis- 
tor decreases exponentially until it reaches zero volts at the time the capacitor reaches full 
charge (+10 V in this case). This decrease in the resistor voltage occurs because the sum of 
the capacitor voltage and the resistor voltage at any instant must be equal to the applied 
voltage, in compliance with Kirchhoff’s voltage law (vc + Vp = Vj,). This part of the re- 
sponse is illustrated in Figure 20—22(c). 


Response to Falling Edge When ty, = Sz Let’s examine the case in which the capacitor 
is fully charged at the end of the pulse (tw = 57). Refer to Figure 20—22(d). On the falling 
edge, the input pulse suddenly goes from +10 V back to zero. An instant before the falling 
edge, the capacitor is charged to 10 V, so point A is +10 V and point B is 0 V. The voltage 
across a capacitor cannot change instantaneously, so when point A makes a transition from 
+10 V to zero on the falling edge, point B must also make a 10 V transition from zero to 
—10 V. This keeps the voltage across the capacitor at 10 V for the instant of the falling edge. 

The capacitor now begins to discharge exponentially. As a result, the resistor voltage 
goes from —10 V to zero in an exponential curve, as indicated in red in Figure 20—22(d). 


Response During Pulse When ty < 57 When the pulse width is less than five time 
constants (fy < 57), the capacitor does not have time to fully charge. Its partial charge de- 
pends on the relation of the time constant and the pulse width. 

Because the capacitor does not reach the full +10 V, the resistor voltage will not reach 
zero volts by the end of the pulse. For example, if the capacitor charges to +5 V during the 
pulse interval, the resistor voltage will decrease to +5 V, as illustrated in Figure 20—22(e). 


Response to Falling Edge When ty, < 57 Now, let’s examine the case in which the ca- 
pacitor is only partially charged at the end of the pulse (ty < 57). For example, if the ca- 
pacitor charges to +5 V, the resistor voltage at the instant before the falling edge is also 
+5 V because the capacitor voltage plus the resistor voltage must add up to +10 V, as il- 
lustrated in Figure 20~—22(e). 

When the falling edge occurs, point A goes from +10 V to zero. As a result, point B goes 
from +5 V to —5 V, as illustrated in Figure 20—22(f). This decrease occurs, of course, be- 
cause the capacitor voltage cannot change at the instant of the falling edge. Immediately af- 
ter the falling edge, the capacitor begins to discharge to zero. As a result, the resistor voltage 
goes from —5 V to zero, as shown. 


Summary of RC Differentiator Response to a Single Pulse 


A good way to summarize this section is to look at the general output waveforms of a dif- 
ferentiator as the time constant is varied from one extreme, when 57 is much less than the 
pulse width, to the other extreme, when 57 is much greater than the pulse width. These sit- 
uations are illustrated in Figure 20—23. In part (a) of the figure, the output consists of nar- 
row positive and negative “spikes.” In part (e), the output approaches the shape of the input. 
Various conditions between these extremes are illustrated in parts (b), (c), and (d). 

You may have observed a pulse that looks similar to Figure 20—23(e) when you ac cou- 
ple a pulse to an oscilloscope. In this case the capacitor in the oscilloscope coupling circuit 
can act as an unwanted differentiating circuit, causing the pulse to droop. To avoid this, you 
can dc couple the scope and check the probe compensation. 
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(a) 57 much less than fy, 
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(b) 57 


(c) 57 
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(d) 57 greater than ty 


(e) 57 much greater than ty 


» FIGURE 20-23 
Effects of a change in time constant on the shape of the output voltage of an RC differentiator. 
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ing edge, the resistor voltage jumps to 
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EXAMPLE 20-5 


FIGURE 20-25 


Related Problem Draw the output voltage if C is changed to 12 pF in Figure 20-24. 
= Use Multisim file E20-04 to verify the calculated results in this example and to con- 
: 


firm your answer for the related problem. To simulate a single pulse, specify a wave- 
form with the given pulse width but a small duty cycle (long period). 


Determine the output voltage waveform for the RC differentiator in Figure 20-26 with 
the rheostat set so that the total resistance of R, and R2 is 2kQ. 


(G 
1 uF R 
25V 220 0 
Vin 
0 Ry 
| Sms | 
° r 


FIGURE 20-26 


Solution First, calculate the time constant. 
T = RoC = (2k0)0 pF) = 2ms 


On the rising edge, the resistor voltage immediately jumps to +25 V. Because the 
pulse width is 5 ms, the capacitor charges for 2.5 time constants and therefore does not 
reach full charge. Thus, you must use the formula for a decreasing exponential in order 
to calculate to what voltage the output decreases by the end of the pulse. 


ee = 25675 — 25(0.082) = 2.05 V 


where V; = 25 V and t = Sms. This calculation gives the resistor voltage (v,,,;) at the 
end of the 5 ms pulse width interval. 

On the falling edge, the resistor voltage immediately jumps from +2.05 V down to 
—22.95 V (a 25 V transition). The resulting waveform of the output voltage is shown 
in Figure 20-27. 
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fee 


it the end of the pulse in Figure 20-26 if the rheostat is set so 
eis 1.5kQ. 


-05 to verify the calculated results in this example and to con- 
the related problem. To simulate a single pulse, specify a 
n pulse width but a small duty cycle. 


ferentiator for a 10 V input pulse when 57 = 0.5ty. 
es the output pulse shape most closely resemble the input 


utput look like when 57 is much less than the pulse 


ntiating circuit is down to +5 V at the end of a 15 V 
value will the resistor voltage go in response to the 


20—5 RESPONSE OF RC DIFFERENTIATORS TO REPETITIVE PULSES 


The RC differentiator response to a single pulse, covered in the last section, is ex- 
tended in this section to repetitive pulses. 


After completing this section, you should be able to 
¢ Analyze an RC differentiator with repetitive input pulses 


ee a 


If a periodic pulse waveform is applied to an RC differentiating circuit, two conditions 
again are possible: ty = 57 or ty < 57. Figure 20-28 shows the output when ty = 57. As 
the time constant is reduced, both the positive and the negative portions of the output be- 
come narrower. Notice that the average value of the output is zero. An average value of zero 
meanis that the waveform has equal positive and negative portions. The average value of a 
waveform is its cle component. Because a capacitor blocks de, the dc component of the in- 
put is prevented from passing through to the output, resulting in an average value of zero. 
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Db FIGURE 20-28 


Example of differentiator response 


when fy = 57. 


® FIGURE 20-29 


Example of differentiator response 


when ty < 57. 


>» FIGURE 20-31 


Differentiator output waveform 
during transient time for the circuit 
in Figure 20-30. 


Figure 20-29 shows the steady-state output when fy < 57. As the time constant is in- 
creased, the positively and negatively sloping portions become flatter. For a very long time 
constant, the output approaches the shape of the input, but with an average value of zero. 


Analysis of a Repetitive Waveform 


Like the integrator, the differentiator output takes time (57) to reach steady state. To illustrate 
the response, let’s take an example in which the time constant equals the input pulse width. At 
this point, we do not care what the circuit time constant is because we know that the resistor 
voltage will decrease to approximately 37% of its maximum value during one pulse (17). 

Let’s assume that the capacitor in Figure 20-30 begins initially uncharged and then ex- 
amine the output voltage on a pulse-by-pulse basis. The results of the analysis that follows 
are shown in Figure 20-31. 


» FIGURE 20-30 


RC differentiator with 7 = ty. 
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First pulse On the rising edge, the output instantaneously jumps to +10V. Then the 
capacitor partially charges to 63.2% of 10 V, which is 6.32 V. Thus, the output voltage must 
decrease to 3.68 V, as shown in Figure 20-31. On the falling edge, the output instantaneously 
makes a negative-going 10 V transition to —6.32 V(—10 V + 3.68 V = —6.32 V). 


Between first and second pulses The capacitor discharges to 36.8% of 6.32 V, which is 
2.33 V. Thus, the resistor voltage, which starts at —6.32 V, must increase to —2.33 V. Why? 
Because at the instant prior to the next pulse, the input voltage is zero. Therefore, the sum 
of vc and vp must be zero (2.33 V — 2.33 V = 0). Remember that vc + vp = vj, at all 
times, in accordance with Kirchhoff’s voltage law. 


Second pulse On the rising edge, the output makes an instantaneous, positive-going, 10 V 
transition from —2.33 V to 7.67 V. Then by the end of the pulse the capacitor charges 
0.632 (JO V — 2.33 V) = 4.85 V. Thus, the capacitor voltage increases from 2.33 V to 
2.33 V + 4.85 V = 7.18 V. The output voltage drops to 0.368 X 7.67 V = 2.82 V. 

On the falling edge, the output instantaneously makes a negative-going transition from 
2.82 V to —7.18 V, as shown in Figure 20-31. 


Between second and third pulses The capacitor discharges to 36.8% of 7.18 V, which is 
2.64 V. Thus, the output voltage starts at —7.18 V and increases to —2.64 V because the ca- 
pacitor voltage and the resistor voltage must add up to zero at the instant prior to the third 
pulse (the input is zero). 


Third pulse On the rising edge, the output makes an instantaneous 10 V transition from 
—2.64 V to +7.36 V. Then the capacitor charges 0.632 X (10 V — 2.64 V) = 4.65 V to 
2.64V + 4.65 V = 7.29V. As a result, the output voltage drops to 0.368 X 7.36V = 
2.71 V. On the falling edge, the output instantly goes from +2.71 V down to —7.29 V. 


After the third pulse, five time constants have elapsed, and the output voltage is close to 
its steady state. Thus, it will continue to vary from a positive maximum of about +7.3 V to 
a negative maximum of about —7.3 V, with an average value of zero. 


s allow an RC differentiator to fully charge and discharge when a pe- 


prm is applied to the input? 
output waveform look like if the circuit time constant is extremely short 


1€ average value of the differentiator output voltage equal during steady state? 


20—6 RESPONSE OF RL INTEGRATORS TO PULSE INPUTS 


A series RL circuit in which the output voltage is taken across the resistor is known as 
an integrator in terms of time response. Although only the response to a single pulse is 
discussed, it can be extended to repetitive pulses, as described for the RC integrator. 


After completing this section, you should be able to 


Figure 20-32 shows an RL integrator. The output waveform is taken across the resistor 
and, under equivalent conditions, is the same shape as that for the RC integrator Recall that 
in the RC case, the output was across the capacitor. 
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® FIGURE 20-32 


An RL integrator with a pulse 
generator connected. 


in 


As you know, each edge of an ideal pulse is considered to be instantaneous. Two basic 
rules for inductor behavior will aid in analyzing RL circuit responses to pulse inputs: 


1. The inductor appears as an open to an instantaneous change in current and as a short 
(ideally) to dc. 


2. The current in an inductor cannot change instantaneously—it can change only ex- 
ponentially. 


Response of the RL Integrator to a Single Pulse 


When a pulse generator is connected to the input of the integrator and the voltage pulse 
goes from its low level to its high level, the inductor prevents a sudden change in current. 
As a result, the inductor acts as an open, and all of the input voltage is across it at the in- 
stant of the rising pulse edge. This situation is indicated in Figure 20—33(a). 
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(c) At falling edge of pulse and after 


» FIGURE 20-33 


IMlustration of the pulse response of an RL integrator (ty > 57). 
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After the rising edge, the current builds up, and the output voltage follows the current as 
it increases exponentially, as shown in Figure 20—33(b). The current can reach a maximum 
of V,/R if the transient time is shorter than the pulse width (V, = 10 V in this example). 

When the pulse goes from its high level to its low level, an induced voltage with re- 
versed polarity is created across the coil in an effort to keep the current equal to V,/R. The 
output voltage begins to decrease exponentially, as shown in Figure 20—33(c). 

The exact shape of the output depends on the L/R time constant as summarized in Figure 
20-34 for various relationships between the time constant and the pulse width. You should 
note that the response of this RL circuit in terms of the shape of the output is identical to 
that of the RC integrator. The relationship of the L/R time constant to the input pulse width 
has the same effect as the RC time constant that was shown in Figure 20-4. For example, 
when fy < 57, the output voltage will not reach its maximum possible value. 


(d) Sz = O.1ty, 0 
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tage for the RL integrator in Figure 20-35 when a 
e rheostat is set so that the total resistance is 50 


| — 0.082) = 25(0.918) = 22.9V 
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Related Problem To what resistance must the rheostat, R, be set for the output voltage to reach 25 V by 
the end of the pulse in Figure 20-35? 


EXAMPLE 20-7 A pulse is applied to the RL integrator in Figure 20-36. Determine the complete wave- 
shapes and the values for /, Vp, and V;. 


ib 
oT ° 


FIGURE 20-36 


Solution The circuit time constant is 


IE 5 mH 
man ise °° 


T 


Since 57 = 16.7 ps is less than fy, the current will reach its maximum value and re- 
main there until the end of the pulse. 
At the rising edge of the pulse, 


i=O0A 
i OV 
y= 10V 
The inductor initially appears as an open, so all of the input voltage appears across L. 
During the pulse, 
i increases exponentially to as oy 6.67 mA in 16.7 ps 
— = = 6. in 16.7 ps 
. om © 15k0 a 


vp increases exponentially to 10 V in 16.7 us 
vz, decreases exponentially to zero in 16.7 us 


At the falling edge of the pulse, 


i = 6.67mA 
ve = 10V 
Ly oe = OY 


After the pulse, 


i decreases exponentially to zero in 16.7 ps 
Vp decreases exponentially to zero in 16.7 jus 


vy increases exponentially to zero in 16.7 jus 


The waveforms are shown in Figure 20-37. 
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FIGURE 20-37 
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Related Problem What will be the maximum output voltage if the amplitude of the input pulse is in- 
creased to 20 V in Figure 20-36? 


7 Use Multisim file E20-07 to verify the calculated results in this example and to con- 
_ firm your calculation for the related problem. To simulate a single pulse, specify a 
waveform with the given pulse width but a small duty cycle. 


EXAMPLE 20-8 A 10 V pulse with a width of 1 ms is applied to the RL integrator in Figure 20-38. 
Determine the voltage level that the output will reach during the pulse. If the source 
has an internal resistance of 30 , how long will it take the output to decay to zero? 
Draw the output voltage waveform. 


10 V 
ion . 
0 470 O 


\e1 ms >| 


FIGURE 20-38 


Solution The inductor charges through the 30 (2 source resistance plus the 470 2 external 
resistor. The time constant is 


L_ 500 mH 500 mH. 


"Rot 4702 +300 5000 
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Notice that in this case the pulse width is exactly equal to 7. Thus, the output Vp will 
reach approximately 63% of the full input amplitude in 17. Therefore, the output 
voltage gets to 6.3 V at the end of the pulse. 

After the pulse is gone, the inductor discharges back through the 30 source resis- 
tance and the 470 {1 resistor. The output voltage takes 57 to completely decay to zero. 


57 = 31 ms) = 5ms 
The output voltage is shown in Figure 20—39. 


FIGURE 20-39 


Related Problem To what value must R be changed to allow the output voltage to reach the input level 
during the pulse? 


Use Multisim file E20-08 to verify the calculated results in this example and to con- 
= J firm your calculation for the related problem. To simulate a single pulse, specify a 


waveform with the given pulse width but a small duty cycle. 


pf, across which component is the output voltage taken? 


plied to an RL integrator, what condition must exist in order for the 
) reach the amplitude of the input? 


dition will the output voltage have the approximate shape of the input 


20—7 RESPONSE OF RL DIFFERENTIATORS TO PULSE INPUTS 


A series RL circuit in which the output voltage is taken across the inductor is known 
as a differentiator in terms of time response. Although only the response to a single 
pulse is discussed, it can be extended to repetitive pulses, as was described for the RC 
differentiator. 


After completing this section, you should be able to 
¢ Analyze the operation of an RL differentiator 


¢ Determine the response to a single input pulse 
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Response of the RL Differentiator to a Single Pulse 


Figure 20-40 shows an RL differentiator with a pulse generator connected to the input. 


AA, —o <4 FIGURE 20-40 
= An RL differentiator with a pulse 
generator connected. 
\ in L 
—-o 


Initially, before the pulse, there is no current in the circuit. When the input pulse goes 
from its low level to its high level, the inductor prevents a sudden change in current It does 
so, as you know, with an induced voltage equal and opposite to the input. As a result, L 
looks like an open, and all of the input voltage appears across it at the instant of the rising 
edge, as shown in Figure 20-41(a) with a 10 V pulse. 


(c) At falling edge when ty, < Sz (d) At falling edge when ty, => 57 


» FIGURE 20-41 
Illustration of the response of an RL differentiator for both time constant conditions. 


During the pulse, the current exponentially builds up. As a result, the inductor voltage 
decreases, as shown in Figure 20-41(b). The rate of decrease, as you know, depends on the 
L/R time constant. When the falling edge of the input occurs, the inductor reacts to keep the 
current as is, by creating an induced voltage in a direction as indicated in Figure 20-41(c). 
This reaction is seen as a sudden negative-going transition of the inductor voltage, as indi- 
cated in Figure 20-41(c) and (d). 

Two conditions are possible, as indicated in Figure 20-41(c) and (d). In part (c), 57 is 
greater than the input pulse width, and the output voltage does not have time to decay to zero. 
In part (d), 57 is less than or equal to the pulse width, and so the output decays to zero before 
the end of the pulse. In this case a —10 V transition occurs at the trailing edge. 

Keep in mind that as far as the input and output waveforms are concerned, the RL inte- 
grator and differentiator perform the same as their RC counterparts. 


i 
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A summary of the RL differentiator response for relationships of various time constants 
and pulse widths is shown in Figure 20-42. 


» FIGURE 20-42 lov 


Mlustration of the variation in output Vin 

pulse shape with the RL time 0 

constant. 10V 
(a) 57 much less than ty, 


10V 1 


| 
- 
oO 
< 


(b) 57 = O.5ty 


° 
{ 
vee 
| 
! 


| | 
_ 
o 
< 
~*~ 
> 


+10 V 


/ 
/ 


(c) 57 = ty 


/ 


ee 


Ly 
! 
! 
(d) 57 greater than ty = ! 
} 
} 


seen 


(e) 57 much greater than ty 


I decay to zero at the end of the pulse. 
‘ voltage jumps to +5 V and then decays exponen- 
ly zero at the instant of the falling edge. On the 
Y jumps to —5 V and then goes back to 
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FIGURE 20—44 


Related Problem Draw the output voltage if the pulse width is reduced to 5 ys in Figure 20-43. 


EXAMPLE 20-10 Determine the output voltage waveform for the RL differentiator in Figure 20-45. 


FIGURE 20-45 


Solution First, calculate the time constant. 


—_ L_ 20mH _ re 
R 10kQ °* 
On the rising edge, the inductor voltage immediately jumps to +25 V. Because the 
pulse width is 5 pss, the inductor charges for only 2.57, so you must use the formula 
for a decreasing exponential. 


eS 5e8 = = 952 = 25(0.082) = 2.05 V 


This result is the inductor voltage at the end of the 5 xs input pulse. 

On the falling edge, the output immediately jumps from +2.05 V down to 
—22.95 V (a 25 V negative-going transition). The complete output waveform is shown 
in Figure 20-46. 


FIGURE 20-46 


+25V, 


2.05 V 


ls us— 


— 2295 V * 


}<———- 10 ps ———> 
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for the output voltage to reach zero by the end of the 


-10 to verify the calculated results in this example and to con- 
‘or the related problem. To simulate a single pulse, specify a 
ulse width but a small duty cycle. 


which component is the output taken? | 


does the output pulse shape most closely resemble the input 


RL differentiator is down to +2 V at the end of a +10V 
voltage will the output go in response to the falling edge 


20—8 RELATIONSHIP OF TIME RESPONSE TO FREQUENCY RESPONSE 


A definite relationship exists between time (pulse) response and frequency response. 
The fast rising and falling edges of a pulse waveform contain the higher frequency 
components. The flatter portions of the pulse waveform, which are the tops and the 
baseline of the pulses, represent slow changes or lower frequency components. The 
average value of the pulse waveform is its dc component. 


After completing this section, you should be able to 


¢ Explain the relationship of time response to frequency response 


The relationships of pulse characteristics and frequency content of pulse waveforms are 
indicated in Figure 20-47. 


“Flat” portions contain low-frequency components. 


dc component 
(Average value) 


\ 


Rising and falling edges contain high-frequency components 


» FIGURE 20-47 


Frequency content of a pulse waveform. 
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The Integrator 


RC Integrator In terms of frequency response, the RC integrator acts as a low-pass fil- 
ter. As you learned, the RC integrator tends to exponentially “round off” the edges of the 
applied pulses. This rounding off occurs to varying degrees, depending on the relationship 
of the time constant to the pulse width and period. The rounding off of the edges indicates 
that the integrator tends to reduce the higher frequency components of the pulse waveform, 
as illustrated in Figure 20-48. 


Low f R High frequencies reduced 
: + 
High f (Longer t,.and t) 
os. -_ ‘\ i“) } | 
Cc / , Same average 
e o— \ “——. value 


Low frequencies 
unaffected 


» FIGURE 20-48 


Time and frequency response relationship in an RC integrator (one pulse in a repetitive waveform 
shown). 


RL Integrator Like the RC integrator, the RL integrator also acts as a basic low-pass fil- 
ter because L is in series between the input and output. The inductive reactance, X;, is small 
for low frequencies and offers little opposition. It increases with frequency, so at higher fre- 
quencies most of the total voltage is dropped across L and very little across R, the output. 
If the input is dc, L is like a short (X; = 0). At high frequencies, L becomes like an open, 
as illustrated in Figure 20-49. 


High-frequency 
components reduced 


Vie | | “ / / " 


Lis a short (ideally). L approximates an open. 
o——o 
X;, very high 


High-frequency 
input 


(a) (b) (c) 
A FIGURE 20-49 


Low-pass filtering action. 


The Differentiator 


RC Differentiator In terms of frequency response, the RC differentiator acts as a high- 
pass filter. As you know, the differentiator tends to introduce tilt to the flat portion of a 
pulse. That is, it tends to reduce the lower frequency components of a pulse waveform. 
Also, it completely eliminates the dc component of the input and produces a zero average- 
value output. This action is illustrated in Figure 20-50. 


RL Differentiator Again like the RC differentiator, the RL differentiator also acts as a 
basic high-pass filter. Because L is connected across the output, less voltage is developed 
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» FIGURE 20-50 Low f G Low frequencies 
siete niin riclaresintinninee Re High f \ < reduced 
Time and frequency response rela- Vv o—— / dccampacest 
j eliminated 


tionship in an RC differentiator (one vate} ae | ~ High f 
pulse in a repetitive waveform 0 a | \ / (average value) 


shown). 


High frequencies unaffected 


across it at lower frequencies than at higher ones. There are zero volts across the output for 
dc (ignoring winding resistance). For high frequencies, most of the input voltage is dropped 
across the output coil (X; = 0 for dc; X; = open for high frequencies). Figure 20-51 
shows high-pass filter action. 


Low-frequency 
components 


Vous = Vin reduced 


High-frequency *L ion Via | | ie 
input high an open. (0) O- 


(b) (c) 


» FIGURE 20-51 
High-pass filtering action. 


Formulas Relating Time Response to Frequency Response 


The fast transitions of a pulse (rise time, t,, and fall time, tf) are related to the highest fre- 
quency component, f;,, in that pulse by the following formula: 
0.35 
b= See 
th 
This formula also applies to fall time, and the fastest transition determines the highest fre- 


quency in the pulse waveform. 
Equation 20-1 can be rearranged to give the highest frequency as follows: 


Equation 20-1 


Equation 20-2 WES 
= 
t 
also, 
Equation 20-3 h= 0.35 
alia 


st frequency contained in a pulse that has rise and fall times equal to 


: 0.35 
a = 01035 x 10° Hz 
iy 10 x 10°"s 


= 35 X 10°Hz = 35 MHz 


‘ina pulse with f, = 20ns and f = 15 ns? 
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filter is an integrator? 
ris a differentiator? 


highest frequency component in a pulse waveform having t, and t equal 


~ 


20-9 TROUBLESHOOTING 


In this section, RC circuits with pulse inputs are used to demonstrate the effects of 
common component failures in selected cases. The concepts can then be easily related 
to RL circuits. 


After completing this section, you should be able to 

¢ Troubleshoot RC integrators and RC differentiators 
¢ Recognize the effect of an open capacitor 
¢ Recognize the effect of a leaky capacitor 


Open Capacitor 


If the capacitor in an RC integrator opens, the output has the same waveshape as the input, 
as shown in Figure 20-52(a). If the capacitor in a differentiator opens, the output is zero be- 
cause it is held at ground through the resistor, as illustrated in part (b). 


ple R ae 


(a) Integrator 


(b) Differentiator 


4. FIGURE 20-52 


Examples of the effect of an open capacitor 
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in 


(a) 


(b) 
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Leaky Capacitor 


If the capacitor in an RC integrator becomes leaky, three things happen: (a) the time con- 
stant will be effectively reduced by the leakage resistance (when thevenized, looking from 
C it appears in parallel with R); (b) the waveshape of the output voltage (across C) is al- 
tered from normal by a shorter charging time; and (c) the amplitude of the output is re- 
duced because FR and Rie, effectively act as a voltage divider. These effects are illustrated 
in Figure 20—53(a). 


R Ry, =R I Rieak 
V, Vour 


in out 


(E R leak = R leak c =i Cc 


Looking from C. the time 


constant is T = R,,C 


| 
Se fe ee | 
10 ! I | | 
! I l | 
F | ' I Normal (for 57 < 1,.) 
R 
( leak )io v i l I 1 
R+ Reg} —~-bs-— \—-——-l-- b-—- 
0 ; With leaky capacitor 
| | | | 
10V 
Rieak Vin 0 
i | | u 
10V | | 
G | | 
Vis 0 | ! | | Normal (for 57 <t,,.) 
I I 
-10V; I I 1 R 
R 10V' I } I (Fesce 10V 
a Te 
0 With leaky capacitor 
> Gse) 10V-10V 


» FIGURE 20-53 


Examples of the effect of a leaky capacitor. 


If the capacitor in a differentiator becomes leaky, the time constant is reduced, just as in 
the integrator (they are both simply series RC circuits). When the capacitor reaches full 
charge, the output voltage (across R) is set by the effective voltage-divider action of R and 
Rica, a8 Shown in Figure 20-53(b). 
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Shorted Capacitor 


If the capacitor in an RC integrator shorts, the output is at ground, as shown in Figure 
20-54(a). If the capacitor in a RC differentiator shorts, the output is the same as the input 
as shown in part (b). 


ea » FIGURE 20-54 
gles Examples of the effect of a shorted 
capacitor. 


gon 7 


(b) 


Open Resistor 


If the resistor in an RC integrator opens, the capacitor has no discharge path, and, ideally, 
it will hold its charge. In an actual situation, the charge will gradually leak off or the ca- 
pacitor will discharge slowly through a measuring instrument connected to the output. This 
is illustrated in Figure 20-5S(a). 


Output will slowly discharge » FIGURE 20-55 
10V R to OV through the leakage 


0 o—-¥VV resistance or instrument Examples of the effects of an open 
en i} impedance when R opens. resistor. 


(b) 
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If the resistor in a differentiator opens, the output looks like the input except for the dc 
level because the capacitor now must charge and discharge through the extremely high 
resistance of the oscilloscope, as shown in Figure 20-55(b). 


1. An RC integrator has a zero output with a square wave input. What are the possible 
causes of this problem? 
2. ifthe capacitor in a differentiator is shorted, what is the output for a square wave input? 


A Circuit Application 


In this application, you are asked to 
build and test a time-delay circuit : 
that will provide five switch-selectable 47kO sw 
delay times. An RC integrator is se- ; A E 
lected for this application. The input is a 5 V pulse of long dura- B D 
tion, and the output goes to a threshold trigger circuit that is 
used to turn the power on to a portion of a system at any of the QC |G Cy Cs 
five selected time intervals after the occurrence of the original 

es — TTT 

A schematic of the selectable time-delay integrating circuit a => = 

is Shown in Figure 20-56. The RC integrator is driven by a 


pulse input; and the output is an exponentially increasing volt- : . FIGURE 20-56 
age that is used to trigger a threshold circuit at the 3.5 V level, : 


out 


which then turns power on to part of a system. The basic con- Integrator detay circuit, 

cept is shown in Figure 20-57. In this application, the delay —__: 

time of the integrator is specified to be the time from the ris- Capacitor Values 

ing edge of the input pulse to the point where the output volt- ® Determine a value for each capacitor that will provide the 
age reaches 3.5 V. The specified delay times are as listed in i specified delay times within 10%. Select from the following 
Table 20-1. i list of standard values (all are in wF): 0.1, 0.12, 0.15, 0.18, 


Threshold circuit triggers on at this point 


35V---1 
| 


5V -- 
V; | = | 
0 a Ix Time delay 


Output to system 
power control 
O 


Threshold circuit 


4“ FIGURE 20-57 


Illustration of the time-delay application 
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» TABLE 20-1 ; 0.22, 0.27, 0.33, 0.39, 0.47, 0.56, 0.68, 0.82, 1.0, 1.2, 1.5, 
18, 2:2, 2.7, 3.3, 39, 4.7, 5676.8, §2. 
SWITCH POSITION DELAY TIME 
A : Circuit Connections 
B Refer to Figure 20-58. The components for the RC integrator in 
(@ Figure 20-56 are assembled, but not interconnected, on the cir- 
D i cuit board. 
E 85 ms ® Using the circled numbers, develop a point-to-point wiring 


list to properly connect the circuit on the board. 


oh) eee ee eo 
wee eee eee ee 


wee ee eer e 


= He SSS) 
SSSeq99 = 


FIGURE 20-58 
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@ Indicate, using the appropriate circled numbers, how you : ® Specify the minimum oscilloscope settings for measuring 
would connect the instruments to test the circuit. : each of the specified delay times in Figure 20-58. 


Test Procedure 


@ Specify the function, amplitude, and minimum frequency set- : 


: Review 


: 1. To add an additional time delay to the circuit of Figure 
20-57, what changes must be made? 


tings for the function generator in order to test all output de- 2. An additional time delay of 100 ms is required for the time- 


lay times in Figure 20-58. 


delay circuit. Determine the capacitor value that should be added. 


SUMMARY 


¢$¢¢ ¢ @ 


In an RC integrating circuit, the output voltage is taken across the capacitor. 
In an RC differentiating circuit, the output voltage is taken across the resistor. 
In an RL integrating circuit, the output voltage is taken across the resistor. 

In an RL differentiating circuit, the output voltage is taken across the inductor. 


In an integrator, when the pulse width (fy) of the input is much less than the transient time, the 
output voltage approaches a constant level equal to the average value of the input. 


In an integrator, when the pulse width of the input is much greater than the transient time, the out- 
put voltage approaches the shape of the input. 


In a differentiator, when the pulse width of the input is much less than the transient time, the out- 
put voltage approaches the shape of the input but with an average value of zero. 


In a ditferentiator, when the pulse width of the input is much greater than the transient time, the 
output voltage consists of narrow, positive-going and negative-going spikes occurring on the lead- 
ing and trailing edges of the input pulses. 

The rising and falling edges of a pulse waveform contain the higher frequency components. 

The flat portion of the pulse contains the lower frequency components. 


terms and other bold terms in the chapter are defined in the end-of-book glossary. 


DC component The average value of a pulse waveform. 


Differentiator A circuit producing an output that approaches the mathematical derivative of the input. 


Integrator A circuit producing an output that approaches the mathematical integral of the input. 


Steady state The equilibrium condition of a circuit that occurs after an initial transient time 


Time constant A fixed-time interval, set by R and C, or R and L values, that determines the time 
response of a circuit. 


Transient time An interval equal to approximately five time constants. 


0.35 
20-1 a Rise time 

Sh 

0.35 : , ‘ ee 
20-2 Sh = ; Highest frequency in relation to rise time 

is 

0.35 : 

20-3 i= Highest frequency in relation to fall time 
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Answers are at the end of the chapter. 


1. 


2. 


w 


oa 


10. 


Answers are at the end of the chapter. 


The output of an RC integrator is taken across the 
(a) resistor (b) capacitor (c) source (d) coil 


When a 10 V input pulse with a width equal to one time constant is applied to an RC integrator, 
the capacitor charges to 


(a) 10V (b) 5V (c) 6.3V (d) 3.7V 


When a 10 V pulse with a width equal to one time constant is applied to an RC differentiator, 
the capacitor charges to 


(a) 6.3V (b) 10V (c) OV (d) 3.7V 

In an RC integrator, the output pulse closely resembles the input pulse when 

(a) 7 is much larger than the pulse width (b) 7 is equal to the pulse width 

(c) 7 is less than the pulse width (d) 7 is much less than the pulse width 


. In an RC differentiator, the output pulse closely resembles the input pulse when 


(a) 7 is much larger than the pulse width (b) 7 is equal to the pulse width 


(c) 7 is less than the pulse width (d) 7 is much less than the pulse width 
. The positive and negative portions of a differentiator’s output voltage are equal when 

(a) 57 < ty (b) 57 > tw 

(c) 57 = ty (d) 57 > 0 


(e) both (a) and (c) (f) both (b) and (d) 
The output of an RL integrator is taken across the 
(a) resistor (b) coil (c) source (d) capacitor 


. The maximum possible current in an RL integrator is 


(a) T= V,/X, (b) T= V,/Z (c) T= V,/R 
The current in an RL differentiator reaches its maximum possible value when 
(a) 57 = tw (b) 57 < ty (c) 57 > ty (d) 7 = O.Stw 


If you have an RC and an RL differentiator with equal time constants sitting side-by-side and 
you apply the same input pulse to both, 


(a) the RC has the widest output pulse 
(b) the RZ has the most narrow spikes on the output 


(c) the output of one is an increasing exponential and the output of the other is a decreasing 
exponential 


(d) you can’t tell the difference by observing the output waveforms 


Refer to Figure 20-60. 


1. 


2. 


Sh 


If R2 opens, the amplitude of the output voltage 

(a) increases (b) decreases (c) stays the same 
If C doubled in value, the time constant 

(a) increases (b) decreases (c) stays the same 
If R, is reduced in value, the output voltage amplitude 


(a) increases {b) decreases (c) stays the same 


Refer to Figure 20-63. 


4. 


If R3 opens, the amplitude of the output voltage 
(a) increases (b) decreases (c) stays the same 
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§. If a constant dc voltage is applied to the input, the output voltage 
(a) increases (b) decreases (c) stays the same 
6. If R is 3.3 kQ instead of 2.2 kQ, the time constant 


(a) increases (b) decreases (c) stays the same 


Refer to Figure 20-66. 
7. If L is increased, the rise time of the output 
(a) increases (b) decreases (c) stays the same 
8. If the width of the input pulse is increased to 5 ms, the amplitude of the output pulse 
(a) increases (b) decreases (c) stays the same 


Refer to Figure 20-68. 
9. If R, opens, the maximum amplitude of the output 
(a) increases (b) decreases (c) stays the same 
10. If R2 is shorted, the maximum amplitude of the output 


(a) increases (b) decreases (c) stays the same 


Answers to odd-numbered problems are at the end of the book. 


SECTION 20-1 The RC Integrator 
1. An integrating circuit has R = 2.2kQ in series with C = 0.047 wF. What is the time constant? 


2. Determine how long it takes the capacitor in an integrating circuit to reach full charge for each 
of the following series RC combinations: 


(a) R = 56.0, C = 47 pF 

(b) R = 33000, C = 0.015 pF 
(c) R = 22kQ, C = 100 pF 
(d) R = 5.6MQ, C = 10pF 


SECTION 20-2 Response of an RC Integrator to a Single Pulse 


3. A 20 V pulse is applied to an RC integrator. The pulse width equals one time constant. To what 
voltage does the capacitor charge during the pulse? Assume that it is initially uncharged 


4. Repeat Problem 3 for the following values of ty: 
(a) 27 (b) 37 (c) 47 (d) 57 
5. Draw the approximate shape of an integrator output voltage where 57 is much less than the 


pulse width of a 10 V square-wave input. Repeat for the case in which 57 is much larger than 
the pulse width. 


6. Determine the output voltage for an RC integrator with a single input pulse, as shown in Figure 
20-59. For repetitive pulses, how long will it take this circuit to reach steady state? 


7. (a) What is 7 in Figure 20-60? 
(b) Draw the output voltage. 
8. Sketch the output voltage in Figure 20-60 if the pulse width is increased to 1.25 s. 


R R 
o—§ AW —o 
8V 1.0kQ ii 20V 
| | (é Vie | | 
: k-1I ms >! poe ° | 125 ms | 


» FIGURE 20-59 » FIGURE 20-60 


ProsLems @ 881 


SECTION 20-3 Response of RC Integrators to Repetitive Pulses 
9. Draw the integrator output voltage in Figure 20-61, showing maximum voltages. 


10. Sketch the output voltage if the pulse width of V;,, in Figure 20-60 is changed to 47 ms and the 
frequency is the same. 


R 
DV 4.7kO, | 
8 ol ibe wu. rf 
0 10 uF 
|500 ms |500 ms |500 ms| 


» FIGURE 20-61 


11. A 1 V, 10 kHz pulse waveform with a duty cycle of 25% is applied to an integrator with 
7 = 25 ps. Graph the output voltage for three initial pulses. C is initially uncharged. 


12. What is the steady-state output voltage of the RC integrator with a square-wave input shown in 
Figure 20-62? 


R 
10k | 
30V Cc 


Vin 
a ee 47 uF 


& FIGURE 20-62 


SECTION 20-4 Response of an RC Differentiator to a Single Pulse 
13. Repeat Problem 5 for an RC differentiator 
14. Redraw the circuit in Figure 20-59 to make it a differentiator, and repeat Problem 6. 
15. (a) What is 7 in Figure 20-63? 
(b) Diaw the output voltage. 


4 FIGURE 20-63 
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SECTION 20-5 Response of RC Differentiators to Repetitive Pulses 


SECTION 20-6 


16. Draw the differentiator output in Figure 20-64, showing maximum voltages. 


|10 ms [10 ms |10 ms] 


A FIGURE 20-64 


17. What is the steady-state output voltage of the differentiator with the square-wave input shown 
in Figure 20-65? 


f=100 kHz 


4 FIGURE 20-65 


Response of RL Integrators to Pulse Inputs 


18. Determine the output voltage for the circuit in Figure 20-66. A single input pulse is applied as 
shown. 


> FIGURE 20-66 L 


19. Draw the integrator output voltage in Figure 20-67, showing maximum voltages. 


> FIGURE 20-67 
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20. Determine the time constant in Figure 20-68. Is this circuit an integrator or a differentiator? 


© FIGURE 20-68 i, iy 2, 


V, 


out 


ie) 


SECTION 20-7 Response of RL Differentiators to Pulse Inputs 
21. (a) What is 7 in Figure 20-69? (b) Draw the output voltage 


© FIGURE 20-69 R 


22. Draw the output waveform if a periodic pulse waveform with ty = 25 ws and T = 60 ps is 
applied to the circuit in Figure 20-69. 


SECTION 20-8 Relationship of Time Response to Frequency Response 


23. What is the highest frequency component in the output of an integrator with 7 = 10 ps? 
Assume that 57 < ty. 


24. A certain pulse waveform has a rise time of 55 ns and a fall time of 42 ns. What is the highest 
frequency component in the waveform? 


SECTION 20-9 Troubleshooting 


25. Determine the most likely fault(s), in the circuit of Figure 20—70(a) for each set of waveforms 
in parts (b) through (d). V;, is a square wave with a period of 8 ms. 


(a) 


(b) (c) (d) 


» FIGURE 20-70 
ea eee 
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26. Determine the most likely fault(s), if any, in the circuit of Figure 20—71(a) for each set of wave- 
forms in parts (b) through (d). V;,, is a square wave with a period of 8 ms. 


(S 
Vin | Vout 
0.22 pF 
R 
3.3 kO 
(a) 


(c) (d) 


& FIGURE 20-71 


Multisim Troubleshooting and Analysis 

These problems require your Multisim CD-ROM. 

27. Open file P20-27 and determine if there is a fault. If so, find the fault. 
28. Open file P20-28 and determine if there is a fault. If so, find the fault. 
29. Open file P20-29 and determine if there is a fault. If so, find the fault. 
30. Open file P20-30 and determine if there is a fault. If so, find the fault. 


SECTION 20-1 


SECTION REVIEWS 


The RC Integrator 


1. An integrator is a series RC circuit in which the output is across the capacitor 


2. A voltage applied to the input causes the capacitor to charge. A short across the input causes 
the capacitor to discharge. 


SECTION 20-2 Response of an RC Integrator to a Single Pulse 


1. For the output of an integrator to reach amplitude, 57 = fy. 
De Vourtmax) = 630 mV; tdisch = 51.7 ms 
3. See Figure 20-72. 


» FIGURE 20-72 0.63 V 


0 10.3 ms 62 ms 


4. No, C will not fully charge. 
5. The output has approximately the shape of the input when 5t << fy (57 much less than ty). 


ANSWERS 


SECTION 20-3 Response of RC Integrators to Repetitive Pulses 

1. C will fully charge and discharge when Sz = ty and St = time between pulses. 
. Whenz << fy, the output is approximately like the input. 
. Transient time 


. Steady-state response is the response after the transient time has passed. 


nan hw N 


. The average value of the output equals the average value of the input voltage. 


SECTION 20-4 Response of an RC Differentiator to a Single Pulse 
1. See Figure 20-73. 


» FIGURE 20-73 Lae 


2. The output resembles the input when 57 >> ty. 
3. The output appears to be positive and negative spikes. 
4. Vp will goto —10V. 


SECTION 20-5 _ Response of RC Differentiators to Repetitive Pulses 
1. C will fully charge and discharge when 57 = ty and 57 = time between pulses. 
2. The output appears to be positive and negative spikes. 
3. The average value is 0 V. 


SECTION 20-6 Response of RL Integrators to Pulse Inputs 
1. The output is taken across the resistor. 
2. The output reaches the input amplitude when 57 = fy. 
3. The output has the approximate shape of the input when 57 << fy. 


SECTION 20-7 Response of RL Differentiators to Pulse Inputs 
1. The output is taken across the inductor. 
2. The output has the approximate shape of the input when 57 >> ty. 
3. V, will go to —8 V. 


SECTION 20-8 Relationship of Time Response to Frequency Response 
1. An integrator is a low-pass filter. 
2. A differentiator is a high-pass filter. 
3. finax = 350kHz 


SECTION 20-9 Troubleshooting 
1. A OV output may be caused by an open resistor or shorted capacitor. 


2. If Cis shorted, the output is the same as the input. 


A Circuit Application 
1. A capacitor must be added and the switch changed to one with six positions. 
2. Ce = 100 ms/{(1.204)(47 kO)] = 1.77 pF (use 1.8 pF) 


5 
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RELATED PROBLEMS FOR EXAMPLES 
20-1 8.65 V 

20-2 24.7V 

20-3 1.08 V 

20-4 See Figure 20-74. 


> FIGURE 20-74 45V 


—| K—09ps 
Oy 5—=—| el — [ 


20-5 892mV 

20-6 Impossible with a 50 © rheostat 
20-7 20V 

20-8 2.5k0. 

20-9 See Figure 20-75. 


» FIGURE 20-75 


Sis — ik 


-4.59V 


20-10 20kQ 
20-11 23.3 MHz 


SELF-TEST 
1. (b) 2. (c) 3. (a) 4. (d) 5. (a) 6. (e) 7. (a) 
9. (b) 10. (d) 


CIRCUIT DYNAMICS QUIZ 
1. (b) 2. (a) 32 (ce) 4. (a) 5. (b) 6. (a) 7. (a) 
9. (c) 10. (a) 


+5V 
IN 
~—~ 410 mv 


8. (c) 


8. (a) 


THREE-PHASE SYSTEMS 


IN POWER APPLICATIONS 


ORIECTIVE 


applications 


Rotor 
Field winding 
Stator 
Balanced load 


introduction to Three-Phase Machines 
Generators in Power Applications 
Types of Three-Phase Generators 
Three-Phase Source/Load Analysis 
Three-Phase Power 


Describe basic three-phase machines 
Discuss the advantages of three-phase generators in power 


Analyze three-phase generator connections 
Analyze three-phase generators with three-phase loads 
Discuss power measurements in three-phase systems 


# Phase voltage (V,) 
@ Phase current (I¢) 
¢ Line current (/,) 
@ Line voltage (V,) 


Study aids for this chapter are available at 
http://www.prenhall.com/floyd 


TRODUCTION 


In the coverage of ac analysis in previous chapters, only single- 
phase sinusoidal sources were considered. In Chapter 11, you 
learned how a sinusoidal voltage can be generated by the 
rotation of a conductor at a constant velocity in a magnetic 
field, and the basic concepts of ac generators were intro- 
duced. 

In this chapter, the basic generation of three-phase sinu- 
soidal waveforms is examined. The advantages of three- 
phase systems in power applications are covered, and 
various types of three-phase connections and power mea- 
surement are introduced. 


if 


> 
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21-1 INTRODUCTION TO THREE-PHASE MACHINES 


Three-phase generators simultaneously produce three sinusoidal voltages that are sep- 
arated by certain constant phase angles. This multiple-phase generation is accom- 
plished by multiple windings rotating through a magnetic field. Similarly, three-phase 
motors operate with three-phase sinusoidal inputs. 


After completing this section, you should be able to 


The Generator 


Figure 21—1(a) shows a generator with three separate windings placed at 120° intervals 
around the rotor. This configuration generates three sinusoidal voltages that are separated 
from each other by phase angles of 120°, as shown in part (b). 


(a) (b) 


4 FIGURE 21-1 
Basic three-phase generator. 


A two-pole, three-phase generator is shown in Figure 21—2. Most practical generators 
are of this form. Rather than using a permanent magnet in a fixed position, a rotating elec- 
tromagnet is used. The electromagnet is created by passing direct current (Jp) through a 
winding around the rotor, as shown. This winding is called the field winding. The direct 


> FIGURE 21-2 Rite Stator 
Two-pole, three-phase generator. 
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current is applied through a brush and slip ring assembly. The stationary outer portion of 
the generator is called the stator. Three separate windings are placed 120° apart around the 
stator; three-phase voltages are induced in these windings as the magnetic field rotates, as 
indicated in Figure 21—1(b). 


The Motor 


The most common type of ac motor is the three-phase induction motor. Basically, it con- 
sists of a stator with stator windings and a rotor assembly constructed as a cylindrical frame 
of metal bars arranged in a squirrel-cage type configuration. An end-view diagram is 
shown in Figure 21-3. 

When the three-phase voltages are applied to the stator windings, a rotating magnetic 
field is established. As the magnetic field rotates, currents are induced in the conductors of 
the squirrel-cage rotor. The interaction of the induced currents and the magnetic field pro- 
duces forces that cause the rotor to also rotate. 


Stator windings 


<@ FIGURE 21-3 


epee Basic three-phase induction motor. 
inputs 
Conductive 
bars 
Rotor 
assembly 
Common o 


‘used in ac generators. 
e windings are required in a three-phase generator? 


21—2 GENERATORS IN POWER APPLICATIONS 


There are advantages to using three-phase generators to deliver power to a load over 
using a single-phase machine. 


After completing this section, you should be able to 
« Discuss the advantages of three-phase generators in power applications 


¢ Explain the copper advantage 
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x Rotation 


A FIGURE 21-4 


Simplified representation of a single- 


phase generator connected to a 
resistive load. 


The size of the copper wire required to carry current from a generator to a load can be 
reduced when a three-phase rather than a single-phase generator is used. 

Figure 21—4 is a simplified representation of a single-phase generator connected to a re- 
sistive load. The coil symbol represents the generator winding. 

For example, a single-phase sinusoidal voltage is induced in the winding and applied to 
a 60 © load, as indicated in Figure 21—5. The resulting load current is 


_ 120Z0°V 
ee ero Gi 


=2Z0°A 


» FIGURE 21-5 
Single-phase example. 


The total current that must be delivered by the generator to the load is 220° A. This 
means that the two conductors carrying current to and from the load must each be capable 
of handling 2 A; thus, the total copper cross section must handle 4 A. (The copper cross sec- 
tion is a measure of the total amount of wire required based on its physical size as related 
to its diameter.) The total load power is 


Pro = FerR, = 240W 


Figure 21-6 shows a simplified representation of a three-phase generator connected to 
three 180 © resistive loads. An equivalent single-phase system would be required to feed 
three 180 © resistors in parallel, thus creating an effective load resistance of 60 0. The 
coils represent the generator windings separated by 120°. 


» FIGURE 21-6 


A simplified representation of a 
three-phase generator with each 
phase connected to a 180 © load. 


1800 


? Neutral 


The voltage across R,) is 120 20° V, the voltage across R;> is 120120° V, and the 
voltage across R,3 is 120 Z—120° V, as indicated in Figure 21—7(a). The current from each 
winding to its respective load is as follows: 


120 Z0° V 


I — Od oO 
RLI 18070° 0 667 Z0° mA 
120.2 120° V 
I — SSS te) 
RL2 18070° O 667 Z 120° mA 
a Za ¥ 


Ipp3 = = 667 Z—120° mA 


18020° © 
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Ry 


6 AW 


—— 


Ie = 6672120° mA 1202120° V 


Iz. = 667 mA 


1202120° V 
Ruy 


[202Z-120° V 12020° V 


7 OW 
12020°V Yer = 66720° mA 
Tru = OA 


Ten, = 667 mA 


—Oo— 


Ig3 = 6672-120° mA 120-120° V Ip3 = 667 mA 
(a) (b) 


A FIGURE 21-7 
Three-phase example. 


The total load power is 
Pron = FRoRu + TR + Raat = 240W 


This is the same total load power as delivered by the single-phase system previously dis- 
cussed. 

Notice that four conductors, including the neutral, are required to carry the currents to 
and from the loads. The current in each of the three conductors is 667 mA, as indicated in 
Figure 21—7(a). The current in the neutral conductor is the phasor sum of the three load cur- 
rents and is equal to zero, as shown in the following equation, with reference to the phasor 
diagram in Figure 21—7(b). 


Tet) + Ipz2 + Irz3 = 667Z0° mA + 6672120° mA + 667 Z—120° mA 
= 667 mA — 333.5mA + j578mA — 333.5mA — j578 mA 
= 667mA — 667mA =O0A 


This condition, where all load currents are equal and the neutral current is zero, is called a 
balanced load condition. 

The total copper cross section must handle 667 mA + 667mA + 667mA + OmA = 2A. 
This result shows that considerably less copper is required to deliver the same load power with 
a three-phase system than is required for the single-phase system. The amount of copper is an 
important consideration in power distribution systems. 


e 120 V systems with effective load resistances of 12 0. 


The load current is 


_ 
2 () 


1 must carry 10 A, and the conductor from the load must also 


tion, therefore, must be sufficient to handle 2 X 10 A = 20A. 


~< 
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or an effective load resistance of 12 0,, the three-phase gener- 
of 36 © each. The current in each load resistor is 


pe 20N 
~~ 360 


feeding the balanced load must carry 3.33 A, and the neu- 


= SSN 


cross section must be sufficient to handle 
onificantly less than for the single-phase system with 


cross sections in terms of current-carrying capacity for 
e 240 V systems with effective load resistances of 100 0.. 


chapter. 


A second advantage of three-phase systems over a single-phase system is that three- 
phase systems produce a constant amount of power in the load. As shown in Figure 21-8, 
the load power fluctuates as the square of the sinusoidal voltage divided by the resistance. 
It changes from a maximum of Vieumaxy Ri to a minimum of zero at a frequency equal to 


twice that of the voltage. 
224 2 
UO re ST 
Single-phase load power (sin? curve). R, 
PB, 2s 


The power waveform across one of the load resistors in a three-phase system is 120° out 
of phase with the power waveforms across the other loads, as shown in Figure 21-9. Ex- 
amination of the power waveforms shows that when three instantaneous values are added, 
the sum is always constant and equal to VirimaxyRL- A constant load power means a uni- 
form conversion of mechanical to electrical energy, which is an important consideration in 
many power applications. 


> FIGURE 21-9 
Three-phase power (P, = Vétimax/Rp- 


In many applications, ac generators are used to drive ac motors for conversion of elec- 
trical energy to mechanical energy in the form of shaft rotation in the motor. The original 
energy for operation of the generator can come from any of several sources, such as hydro- 
electric or steam. Figure 21-10 illustrates the basic concept. 

When a three-phase generator is connected to the motor windings, a magnetic field is 
created within the motor that has a constant flux density and that rotates at the frequency of 
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Three-phase electrical energy <@ FIGURE 21-10 


Shaft Simple example of mechanical- 
rotation _to-electrical-to-mechanical energy 
conversion. 


Shaft 
rotation 


Mechanical Mechanical 


energy in ‘ energy out 
ac generator ac motor 


the three-phase sine wave. The motor’s rotor is pulled around at a constant rotational ve- 
locity by the rotating magnetic field, producing a constant shaft rotation, which is an ad- 
vantage of three-phase systems. 

A single-phase system is unsuitable for many applications because it produces a mag- 
netic field that fluctuates in flux density and reverses direction during each cycle without 
providing the advantage of constant rotation. 


systems over single-phase systems. 


t in mechanical-to-electrical energy conversions? 
in electrical-to-mechanical energy conversions? 


21-3 TYPES OF THREE-PHASE GENERATORS 


In the previous sections, the Y-connection was used for illustration. In this section, the 
Y-connection is examined further and a second type, the A-connection, is introduced. 


After completing this section, you should be able to 


¢ Analyze three-phase generator connections 


The Y-Connected Generator 


A Y-connected system can be either a three-wire or, when the neutral is used, a four-wire 
system, as shown in Figure 21-11, connected to a generalized load, which is indicated by 


<@ FIGURE 21-11 


Y-connected generator. 
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Equation 21-1 


the green block. Recall that when the loads are perfectly balanced, the neutral current is 
zero; therefore, the neutral conductor is unnecessary. However, in cases where the loads are 
not equal (unbalanced), a neutral wire is essential to provide a return current path because 
the neutral current has a nonzero value. 

The voltages across the generator windings are called phase voliages (V 9), and the cur- 
rents through the windings are called phase currents (J). Also, the currents in the lines 
connecting the generator windings to the load are called line currents (/,), and the volt- 
ages across the lines are called the line voltages (V;). Note that the magnitude of each line 
current is equal to the corresponding phase current in the Y-connected circuit. 


Tr, = Ig 


In Figure 21—12, the line terminations of the windings are designated a, b, and c, and the 
neutral point is designated n. These letters are added as subscripts to the phase and line cur- 
rents to indicate the phase with which each is associated. The phase voltages are also des- 
ignated in the same manner. Notice that the phase voltages are always positive at the 
terminal end of the winding and are negative at the neutral point. The line voltages are from 
one winding terminal to another, as indicated by the double-letter subscripts. For example, 
Vi(ba) 18 the line voltage from b to a. 


A FIGURE 21-12 
Phase voltages and line voltages in a Y-connected system. 


Figure 21—13(a) shows a phasor diagram for the phase voltages. By rotation of the pha- 
sors, as shown in part (b), Vg, is given a reference angle of zero, and the polar expressions 
for the phasor voltages are as follows: 


Vea = VoaZ0° 
Von = Vop Z 120° 
Voc = VocZ —120° 


> FIGURE 21-13 
Phase voltage diagram. 


{a) (b) 
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There are three line voltages: one between a and b, one between a and c, and another be- 
tween b and c. It can be shown that the magnitude of each line voltage is equal to V3 times 
the magnitude of the phase voltage and that there is a phase angle of 30° between each line 
voltage and the nearest phase voltage. 


Ve = V3¥—5 Equation 21-2 
Since all phase voltages are equal in magnitude, 
Visa) = V3VeZ150° 
Vijacy = V3V—230° 
Vier) = V3V_pZ—90° 
The line voltage phasor diagram is shown in Figure 21-14 superimposed on the 
phasor diagram for the phase voltages. Notice that there is a phase angle of 30° be- 


tween each line voltage and the nearest phase voltage and that the line voltages are 
120° apart. 


V ib 


A FIGURE 21-14 
Phase diagram for the phase voltages and line voltages in a Y-connected, three-phase system. 


ed ac generator is shown in Figure 
20 V rms, determine the magnitude 


ith. 


enerator position is shown in Figure 
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Vist = 208 V 


Ven = 120V 


The A-Connected Generator 


In the Y-connected generator, two voltage magnitudes are available at the terminals in the 
four-wire system: the phase voltage and the line voltage. Also, in the Y-connected genera- 
tor, the line current is equal to the phase current. Keep these characteristics in mind as you 
examine the A-connected generator. 

The windings of a three-phase generator can be rearranged to form a A-connected gen- 
erator, as shown in Figure 21-17. By examination of this diagram, you can see that the 
magnitudes of the line voltages and phase voltages are equal, but the line currents do not 
equal the phase currents. 


» FIGURE 21-17 
A-connected generator. 


Since this is a three-wire system, only a single voltage magnitude is available, expressed as 
Equation 21~3 Vi = Vo 
All of the phase voltages are equal in magnitude; thus, the line voltages are expressed in po- 
lar form as follows: 
Vivac) = VeZ ae 
Vixba) = V—eZ 120° 
Vitch) = VoZ 20° 


TYPES OF THREE-PHASE GENERATORS 


The phasor diagram for the phase currents is shown in Figure 21-18, and the polar ex- 
pressions for each current are as follows: 


Toa = Tog Z0° 
Top = Ig, Z 120° 
lng = I 120° 


<@ FIGURE 21-18 


Phase current diagram for the 
A-connected system. 


It can be shown that the magnitude of each line current is equal to V3 times the magni- 
tude of the phase current and that there is a phase angle of 30° between each line current 
and the nearest phase current. 


i, = V3lg 
Since all phase currents are equal in magnitude, 
In = V3lpZ—30° 
Ip = V31gZ90° 
Ing = V3lpZ—150° 


The current phasor diagram is shown in Figure 21-19. 


<@ FIGURE 21-19 


Phasor diagram of phase currents 
and line currents. 


other phase currents 


of the line currents 


Equation 21-4 


. 
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FIGURE 21-20 


- + 
10230° A 


(a) The phase currents are separated by 120°; therefore, 
Ig, = 10.2(30° + 120°) = 107150° A 
Ipc = 102(30° — 120°) = 102—-90° A 


Solution 


(b) The line currents are separated from the nearest phase current by 30°; therefore, 


Ip) = V3loqgZ(30° — 30°) = 17.320° A 
Ip = V3lepZ(150° — 30°) = 17.3.2120° A 
113 = V3leeZ(—90° — 30°) = 17.3.2-120° A 


(c) The phasor diagram is shown in Figure 21—21. 


FIGURE 21-21 
Th = 753A 


Tey =10A 


Th3 = 173A 


Related Problem Repeat parts (a) and (b) of the example if Ig, = 8 260° A. 


“connected generator, the phase voltages are 1 kV. Determine 
voltages. 


‘or mentioned in Question 1, all the phase currents are 5 A. 


magnitudes? 
itor, the phase voltages are 240 V. What are the line voltages? 
Fr, a phase current is 2 A. Determine the magnitude of the 
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21-4 THREE-PHASE SouRCE/LOAD ANALYSIS 


In this section, we look at four basic types of source/load configurations As with the 
generator connections, a load can be either a Y or a A configuration. 


After completing this section, you should be able to 


¢ Analyze three-phase generators with three-phase loads 


« Analyze the Y-Y source/load configuration 


A Y-connected load is shown in Figure 21—22(a), and a A-connected load is shown in 
part (b). The blocks Z,, Z,, and Z, represent the load impedances, which can be resistive, 
reactive, or both. 

The four source/load configurations are: 


1. Y-connected source driving a Y-connected load (Y-Y system) 
2. Y-connected source driving a A-connected load (Y-A system) 
3. A-connected source driving a Y-connected load (A-Y system) 


4. A-connected source driving a A-connected load (A-A system) 


(a) Y-connected load (b) A-connected load 
A FIGURE 21-22 
Three-phase loads. 


The Y-Y System 


Figure 21—23 shows a Y-connected source driving a Y-connected load. The load can be a 
balanced load, such as a three-phase motor where Z, = Z, = Z,, or it can be three inde- 
pendent single-phase loads where, for example, Z, is a lighting circuit, Z; is a heater, and 
Z, is an air-conditioning compressor. 

An important feature of a Y-connected source is that two different values of three-phase 
voltage are available: the phase voltage and the line voltage. For example, in the standard 
power distribution system, a three-phase transformer can be considered a source of three- 
phase voltage supplying 120 V and 208 V. In order to utilize a phase voltage of 120 V, the 
loads are connected in the Y configuration. A A-connected load is used for the 208 V line 
voltages. 
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bm FIGURE 21-23 


A Y-connected source driving a 
Y-connected load. 


Notice in the Y-Y system in Figure 21—23 that the phase current, the line current, and the 
load current are all equal in each phase. Also, each load voltage equals the corresponding 
phase voltage. These relationships are expressed as follows and are true for either a bal- 
anced or an unbalanced load. 


Equation 21-5 Ip=1,= Iz 
Equation 21-6 Ve = Vz 


where Vz and /7 are the load voltage and current, respectively. 
For a balanced load, all the phase currents are equal, and the neutral current is zero. For 
an unbalanced load, each phase current is different, and the neutral current is, therefore, 


nonzero. 


4, determine the following: 


ine current (c) Each phase current 


a 22.4226.6° 0 


22.4226.6 Q 


Ou 


2020° V 


Bee, = 22.4226.6° 0. 


Se 2 536 7-26.6° A 


= 5.36 293.4" A 


120A 1202V 


= 7a) elle 
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1202120° V 
-120.7—120° V 


'» are the same as in Figure 21-24, but 


The Y-A System 


Figure 21-25 shows a Y-connected source driving a A-connected load. An important feature 
of this configuration is that each phase of the load has the full line voltage across it. 


Vz=V_r Equation 21-7 


The line currents equal the corresponding phase currents, and each line current divides 
into two load currents, as indicated. For a balanced load (Z, = Z, = Z,), the expression 
for the current in each load is 


I, = V3lz Equation 21-8 


» FIGURE 21-25 
A Y-connected source driving a A-connected load. 
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- =j 
EXAMPLE 21-5 Determine the load voltages and load currents in Figure 21—26, and show their rela- 
tionship in a phasor diagram. 
FIGURE 21-26 j 
| | 
Vis 100230° Q 
| 
re 100230° 0 
2Z~-120° kV 
100.230° Q 
lution Using V; = V3Vp (Equation 21-2) and the fact that there is 30° between each line 
voltage and the nearest phase voltage, the load voltages are 
Vag = Vu) = 2V3Z150° KV = 3.46 2150° kV 
Va = Vin = 2V3 230° KV = 3.46230°kKV | 
Vac = Wi3 = 2V3Z—90° KV = 3.46 Z—90° KV 
The load currents are 
Vin _ 3.462150°kV 
Ae = = 34.67120°A 
ae *Z, 100.230° | 
Vz 3.46230°kV | 
ly = = = 34.620°A 
ez, § 100730°0 
Vz  3.462-—-90°kV 
I, = = 1 = 34.6 2-120° A 
= 72. 100.230° 0 
The phasor diagram is shown in Figure 21—27. 
Vz, = 3.46kV vz =e Vz, = 3.46kV 
\ 1208 
~ 30° 30° 
Ty = 346A 
Vz, = 3.46kV 
Determine the load currents in Figure 21—26 if the phase voltages have a magnitude of 
240 V. 
- a — ee See | 
The A-Y System 


Figure 21-28 shows a A-connected source driving a Y-connected balanced load. By exami- 


nation of the figure, you can see that the line voltages are equal to the corresponding phase 
voltages of the source. Also, each phase voltage equals the difference of the corresponding 


load voltages, as you can see by the polarities. 
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» FIGURE 21-28 
A A-connected source driving a Y-connected load. 


Each load current equals the corresponding line current. The sum of the load currents is 
zero because the load is balanced; thus, there is no need for a neutral return. 

The relationship between the load voltages and the corresponding phase voltages (and 
line voltages) is 


Vo = V3", Equation 21-9 


The line currents and corresponding load currents are equal, and for a balanced load, the 
sum of the load currents is zero. 


L=\L Equation 21-10 
As you can see in Figure 21—28, each line current is the difference of two phase currents. 


Ini = Nea — Top 
Ippo = Nec — Vea 
in =i k, 


alanced load and the magnitude of the line 


3 


60 
Zy 50 QO - j20 0 
I, = 1.52Z0°A 


_—__ 


)Q) 
O) = 80.92-21.8° V 
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» FIGURE 21-30 


A A-connected source driving a 
A-connected load. 


Equation 21-11 


Equation 21-12 


> A)(53.9Z —21.8° Q) = 80.9298.2° V 


—120° A)(53.9Z —21.8° O) = 80.92—-142° V 
ges is 
» = V3Vz = V3(80.9 V) = 140 V 


urrents are | A, what are the load currents? 


The A-A System 


Figure 21-30 shows a A-connected source driving a A-connected load. Notice that the load 
voltage, line voltage, and source phase voltage are all equal for a given phase. 


Vig = Vag = Va; 
Veo = Via 


Vzp 
Vic 


Voc = Viz 


Of course, when the load is balanced, all the voltages are equal, and a general expres- 
sion can be written 


Vp = N= Ve 
For a balanced load and equal source phase voltages, it can be shown that 


I, = V3 


200265° 0 
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id the impedances are 600 2. 


 source/load configurations. 


phase currents each have a magnitude of 3.5 A. 
ad current for a balanced load condition? 


etermine Vz. 
1 balanced A-Y system when the magnitude of the 


id currents in a balanced A-A system having a line 


21—5 THREE-PHASE POWER 


In this section, power in three-phase systems is studied and methods of power mea- 
surement are introduced. 


After completing this section, you should be able to 


Each phase of a balanced three-phase load has an equal amount of power. Therefore, the 
total true load power is three times the power in each phase of the load. 


Pitot) = 3Vzlzcos 6 Equation 21-13 


where Vz and Jz are the voltage and current associated with each phase of the load, and 
cos 6 is the power factor. 
Recall that in a balanced Y-connected system, the line voltage and line current were 


VY. = V3Vz and LL=lz 
and in a balanced A-connected system, the line voltage and line current were 


w=V ad f= 36 
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When either of these relationships is substituted into Equation 21—13, the total true power 
for both Y- and A-connected systems is 


Equation 21-14 Pritt = V3ViI,cos 6 


ed balanced load, the line voltages are 250 V and the imped- 


I, = V3iz = V3(5 A) = 8.66A 


cos 6 = cos 30° = 0.866 


- V3V;I,cos 6 = V3(250 V)(8.66 A)(0.866) = 3.25kW 
ad power if V, = 120 V and Z = 100230° 2. 


Power Measurement 


Power is measured in three-phase systems using wattmeters. The wattmeter uses a basic 
electrodynamometer-type movement consisting of two coils. One coil is used to measure 
the current, and the other is used to measure the voltage. Figure 21-32 shows a basic 
wattmeter schematic and the connections for measuring power in a load. The resistor in 
series with the voltage coil limits the current through the coil to a small amount propor- 
tional to the voltage across the coil. 


1 Current coil 2 
k: 3 
Voltage * 
coil 
4 
(a) Wattmeter schematic (b) Wattmeter connected to measure load power 


A FIGURE 21-32 


Three-Watimeter Method Power can be measured easily in a balanced or unbalanced 
three-phase load of either the Y or the A type by using three wattmeters connected as 
shown in Figure 21-33. This is sometimes known as the three-wattmeter method. 


THREE-PHASE POWER 


Neutral 


(a) Y-connected load (b) A-connected load 


A FIGURE 21-33 


Three-wattmeter method of power measurement. 


The total power is determined by summing the three wattmeter readings. 
pp ala) cheat eles Equation 21-15 


If the load is balanced, the total power is simply three times the reading on any one 
wattmeter. 

In many three-phase loads, particularly the A configuration, it is difficult to connect a 
wattmeter such that the voltage coil is across the load or such that the current coil is in 
series with the load because of inaccessibility of points within the load. 


Two-Wattmeter Method Another method of three-phase power measurement uses only 
two wattmeters. The connections for this two-wattmeter method are shown in Figure 
21-34. Notice that the voltage coil of each wattmeter is connected across a line voltage and 
that the current coil has a line current through it. It can be shown that the algebraic sum of 
the two wattmeter readings equals the total power in the Y- or A-connected load. 


Fie ee Equation 21-16 


<a FIGURE 21-34 


Two-wattmeter method. 


AorY 
load 


5 
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1 


= 1.2A, and the power factor is 0.257. What is the total power inabal- 
load? In a balanced A-connected load? 

; connected to measure the power in a certain balanced load indicate 
How much power does each meter measure? 


® A simple three-phase generator consists of three conductive loops separated by 120°. 

® Three advantages of three-phase systems over single-phase systems are a smaller copper cross 
section for the same power delivered to the load, constant power delivered to the load, and a con- 
stant, rotating magnetic field. 

® InaY-connected generator, I, = Ip and Vy, = V3Vo. 

® Ina Y-connected generator, there is a 30° difference between each line voltage and the nearest 
phase voltage. 

Ina A-connected generator, V, = VgandI, = V3Ip. 

® Ina A-connected generator, there is a 30° difference between each line current and the nearest 
phase current. 

® A balanced load is one in which all the impedances are equal. 

® Power is measured in a three-phase load using either the three-wattmeter method or the two- 
wattmeter method. 


is and other bold terms in the chapter are defined in the end-of-book glossary. 


Balanced load A condition where all the Joad currents are equal and the neutral current is zero. 
Field winding The winding on the rotor of an ac generator. 

Line current (Z,) |The current through a line feeding a load. 

Line voltage (V,;) The voltage between lines feeding a load. 

Phase current (fg) The current through a generator winding. 

Phase voltage (Vg) The voltage across a generator winding. 

Rotor The rotating assembly in a generator or motor. 

Stator The stationary outer part of a generator or motor. 


Y Generator 
21-1 I, = Ig 
212 Vi = V3V_ 


A Generator 
21-3 Vi = Vo 
21-4 I, = V3lg 


Y-Y System 
21-5 Io = qi, = I 
21-6 Vo = Vz 


Y-A System 
21-7 Vz = Vr 
21-8 I, = V3lz 
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A-to-Y System 

21-9 Vo = V3Vz 
2-0 f= 1 

A-A System 

21-11 Vg = V; = Vz 
212 I, = V3lz 


Three-Phase Power 
21-13 Pitot = 3V7I7cos O 
21-14 Prt, = V3V T1008 0 


Three-Wattmeter Method 
21-15 Pio = Py + Pz + P3 


Two-Wattmeter Method 
21-16 Pigg = Py Pr 


Answers are at the end of the chapter. 


1. Ina three-phase system, the voltages are separated by 
(a) 90° (b) 30° (c) 180° (d) 120° 
2. The term squirrel-cage applies to a type of 
(a) three-phase ac generator 
(b) single-phase ac generator 
(c) a three-phase ac motor 
(d) adc motor 
3. Two major parts of an ac generator are 
(a) rotor and stator (b) rotor and stabilizer 
(c) regulator and slip-ring (d) magnets and brushes 
4. Advantages of a three-phase system over a single-phase system are 
(a) smaller cross-sectional area for the copper conductors 
(b) slower rotor speed 
(c) constant power 
(d) smaller chance of overheating 
(e) both (a) and (c) 
(f) both (b) and (c) 
5. The phase current produced by a certain 240 V, Y-connected generator is 12 A. The correspon- 
ding line current is 


(a) 36A (b) 4A (c) 12A (d) 6A 
6. Acertain A-connected generator produces phase voltages of 30 V. The magnitude of the line 
voltages are 


(a) 10V (b) 30V (c) 90V (d) none of these 
7. A certain A-A system produces phase currents of 5 A. The line currents are 
(a) 5A (b) ISA (c) 8.66A (d) 2.87A 
8. A certain Y-Y system produces phase currents of 15 A. Each line and load current is 
(a) 26A (b) 8.66A () 5A (d) 15A 
9. If the source phase voltages of a A-Y system are 220 V, the magnitude of the load voltages is 
(a) 220V (b) 381 V (c) 127V (d) 73.3V 


910 @ THREE-PHASE SYSTEMS IN POWER APPLICATIONS 


roblems are indicated by an asterisk (*). 
1umbered problems are at the end of the book. 


SECTION 21-1 Introduction to Three-Phase Machines 


1. The output of an ac generator has a maximum value of 250 V_ At what angle is the instanta- 
neous value equal to 75 V? 


2. A certain two-pole three-phase generator has a speed of rotation of 60 rpm. What is the frequency 
of each voltage produced by this generator? What is the phase angle between each voltage? 


SECTION 21-2 Generators in Power Applications 


3. A single-phase generator drives a load consisting of a 200 © resistor and a capacitor with a 
reactance of 175 ©. The generator produces a voltage of 100 V. Determine the magnitude of 
the load current. 


4. Determine the phase of the load current with respect to the generator voltage in Problem 3. 


5. A certain three-phase unbalanced load in a four-wire system has currents of 2.720° A, 
3.2140° A, and 1.5 Z —100° A. Determine the current in the neutral line. 


SECTION 21-3 Types of Three-Phase Generators 


6. Determine the line voltages in Figure 21-35. 


A FIGURE 21-35 


7. Determine the line currents in Figure 21-36. 


8. Develop a complete current phasor diagram for Figure 21-36. 


A FIGURE 21-36 


SECTION 21-4 Three-Phase Source/Load Analysis 


9. Determine the following quantities for the Y-Y system in Figure 21-37: 
(a) Line voltages (b) Phase currents (c) Line currents 
(d) Load currents (e) Load voltages 


PROBLEMS 


» FIGURE 21-37 


10. Repeat Problem 9 for the system in Figure 21-38, and also find the neutral current. 


neut 


135245° § 


» FIGURE 21-38 


11. Repeat Problem 9 for the system in Figure 21-39. 


» FIGURE 21-39 


12. Repeat Problem 9 for the system in Figure 21-40. 


SS 
S 
x 


=I 


120.20° V 


10.250° © 


» FIGURE 21-40 


e 
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13. Determine the line voltages and load currents for the system in Figure 21-41. 


33020° V 


§260° O 


» FIGURE 21-41 


SECTION 21-5 Three-Phase Power 
14. The power in each phase of a balanced three-phase system is 1200 W. What is the total power? 
15. Determine the load power in Figures 21-37 through 21-41. 
16. Find the total load power in Figure 21-42. 


» FIGURE 21-42 


; 
1202-90° V 
v 100 © 
f o 
Po & o 
RY 
120Z150° V 
120230° V 
100 2 
1000 


*17. Using the three-wattmeter method for the system in Figure 21-42, how much power does each 
wattmeter indicate? 


*18. Repeat Problem 17 using the two-wattmeter method 


SECTION REVIEWS 


SECTION 21-1 Introduction to Three-Phase Machines 


1. In ac generators, a sinusoidal voltage is induced when a conductive loop is rotated in a 
magnetic field at a constant speed. 


2. Three armature windings 


SECTION 21-2 Generators in Power Applications 


1. The advantages of polyphase systems are less copper cross section to conduct current; constant 
power to load; and constant, rotating magnetic field. 


2. Constant power 


3. Constant magnetic field 


SECTION 21-3 Types of Three-Phase Generators 
1. V; = 1.73kV 
De I, =5A 


3. 
4. 


ANSWERS 


V; = 240V 
i, = 346A 


SECTION 21-4 Three-Phase Source/Load Analysis 


i 


2. 
3. 
4, 
Se 


The source/load configurations are Y-Y, Y-A, A-Y, and A-A. 
ij haa 3.5A 


Vz = 220V 
Vi = 60V 
IZ= 1.85A 


SECTION 21-5 Three-Phase Power 


1. 
2. 


Py = 16.0W; Pa = 16.0W 
P = 893 W 


RELATED PROBLEMS FOR EXAMPLES 

21-1 4.8 A total for single phase; 2.4 A total for three-phase 
21-2 208 V 

21-3 (a) Igy = 82180° A, Igy. = 82Z—-60° A 


(b) Iz) = 13.9230° A, Ip = 13.92150° A, I,3 = 13.9Z—-90° A 


21-4 2.96.233.4° A 

21-5 Iz, = 4.162120° A, Im = 4.1620°, Iz, = 4.162—120° A 

21-6 Wy = Ly = 120° A, Typ = I, = 12120°A, 3 = Iz, = 1Z-120°A 
21-7 Iz = 200mA, I, = 346mA 

21-8 374W 


SELF-TEST 
1. (d) 2. (c) 3. (a) 4. (©) 5. (c) 6. (b) 7. (c) 
8. (d) 9. (c) 


o 
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Appendix TABLE OF STANDARD 


RESISTOR VALUES 


Resistance Tolerance (+%) 


10.0 100 10 10 147 147 — — 215 215 — — 316 316 — — 464 464 — — 68.1 68.1 68 68 
os — — — 4s — — — Bis — ea — 320) — —— — wero) — 475 47 905 — Ea — 
10.2 102 — — 150 15.0 I5 I5 221 221 22 22 324 324 — — 475 475 — — 698 698 — — 
04 — = — §2 — = — 223 — — — B28 — — — 481 — — — 6 — — 

105 105 — — 154 154 — — 226 226 — — 332 33.2 33 33 487 487 — — WIS 715 — — 
0.6 — — — 156 — — — 29 — — — 336 — — — 493 — — — 3 —- — — 
10.7 107 — — 158 158 — — 232 232 — — 340 340 — — 499 499 — — 732 732 — — 
09 — — — 160 — 6 — 234 — — — 44 — — — 505 —- — — 41 —- — — 
1.0 110 11 — 162 162 — — 237 237 — — 348 348 — — S11 S11 SL — 750 750 715 — 
Hto—-—- — — 64 — — — 240 — 4 — 332 — — — SIF — — — BI — — — 
H3 13 — — 165 165 — — 243 243 — — 35.7 35.7 — — 523 523 — — 768 768 — — 
14 — — — 167 — — — 46 — — — 36) — 36 — 5330 — — — FI — — — 
HS 15 — — 169 169 — — AS 249 — — 365 365 — — 536 53.6 — — 78.7 78.79 — — 
WF —- — — 72 — — — 6362 — — — 370 — — — 542 — — — 96 — — — 
11.8 18 — — 174 174 — — 25 255 — — 374 374 — — S549 549 — — 806 806 — — 
1220 — 12 12 176 — — — 28 — — — 379 — — — S562 — — — 816 — — — 
21 121 — — 178 178 — — 261 261 — — 383 383 — — 566 566 56 56 825 825 82 82 
122.3 — — — 180 — 18 18 24 — — — 388 — — — 569 — — — $5 — — — 
24 124 — — 182 182 — — 267 267 — — 392 392 39 39 576 576 — — 845 845 — — 
1226 — — — 184 — — — 271 — 2 2 397 — — — 583 — — — 86 — — — 
27 12.7 — — 18.7 187 — — 274 274 — — 402 402 — — 590 590 — — 866 866 — — 
129 — — — 29 —- — — 277 — — — 47 — — — 597 — — — 876 — — — 
13.0 130 13 — 191 19.1 — — 280 280 — — 41.2 412 — — 604 604 — — 887 887 — — 
m2 — — — 193 — — — 24 — — — 447 — — — 612 — — — 898 — = — 
13.30 133 — — 196 196 — — 287 28.7 — — 422 422 — — 619 61.9 62 — 909 90.9 91 — 
35> — =— — Ws) — | — Bor — =| — 427 — — — e267 — —— — 920 — = — 
137 «(13.7 == — 200) 200 20 — 294 294 —5 — 432 432 43 — 634 634 — — 9937 931 = — 
138 — — — 203 — — — 2298 — — — 87 — — — 42 — — — 42 — — — 
140 140 — — 205 205 — — 301 30.1 30 — 442 442 — — 649 6449 — — 953 953 — — 
12) — =) — Bos — Ee — e305) — =a — Mase — Be — esa — ee — ee — =e — 
143° 143 — — 21.0 210 — — 309 309 — — 453 453 — — 665 665 — — 976 976 — — 
“4S — — — 213 — — — 312 — — — 459 — — — 673 — — — 98 — — — 


NOTE: These values are generally available in multiples of 0.1. 1, 10, 100, 1k, and 1 M. 
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Equation 7-3 Output Voltage of Temperature 


Measuring Bridge 
At balance Voyr = 0 and all resistances have the value R. For a small imbalance: 
Vs R 
Vg = — and V, = Ve 
ae ee + ae : 
Vs R 
A ee ee 
Vour = Ve— Va => (= aK — Ws 


ae 
ao 2S a 
_ (2R = Aterear— 2h 

-( 2(2R + ARTHERM) ) : 


2 ( ARvHERM v 
4R + 2ARTHERM 5 
Assume 2AR THERM << AR, then 


ARTHER Vs 
AVout = (AS “ys = ARriee( 55) 


Equation 11-6 RMS (Effective) Value of a Sine Wave 


The abbreviation “rms” stands for the root mean square process by which this value is 
derived. In the process, we first square the equation of a sine wave. 


r= Ve sin’ 
Next, we obtain the mean or average value of v* by dividing the area under a half-cycle cis 
of the curve by 7 (see Figure B—1). The area is found by integration and trigonometric 
identities. 
lay a 2 
area 
= i V2 sin6 d6 
qT qT 0 
Ve 7 V5 7 ve 7 A FIGURE B-1 
= =—]}] (1 — cos26)d6 = — 1d6 — = |] (—cos 26) dé 
Qa 0) Qa 0 2a 0 
v2 2 v2 
P ies D P 
= ——(6 — 5sin20)§ = 0) = 
EO eae Us 


Finally, the square root of Vive Severe 


V, 
Vins = V Vie = V2/2 = Va = 0.707V, 
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Equation 11-12 Average Value of a Half-Cycle Sine Wave 


The average value of a sine wave is determined for a half-cycle because the average over a 
full cycle is zero. 
The equation for a sine wave is 
v= V,sin@ 


The average value of the half-cycle is the area under the curve divided by the distance of 
the curve along the horizontal axis (see Figure B—2). 


area 
T 


Vavg a 


» FIGURE B-2 


To find the area, we use integral calculus. 
ae eee VD . 
Vavg = =| V,sin 6 d6 = a boos 6) : 
= La ee = (= cos0) |e Mor 1) = (13) 
T T 
Vp 


2 
ey, — ea, 


Equations 12-25 and 13-13 Reactance Derivations 


Derivation of Capacitive Reactance 


6 = 2aft = wt 
dv A(V,sin 6) a(V,sin wt) 
i= ae Cc di =C a = wC(V,cos wt) 
Tims = @CVims 
x, = vs Vos 1 __t 


Derivation of Inductive Reactance 


di d([,sin wt) 
ve a = ee = oL(I, COS wf) 


V, wl, 
X, = SS = —® = ob = 2afh. 


Dems ms 


Equation 15-33 


The feedback circuit in the phase-shift oscillator consists of three RC stages, as shown 
in Figure B—3. An expression for the attenuation is derived using the loop analysis 
method for the loop assignment shown. All Rs are equal in value, and all Cs are equal in 
value. 


(R — jl/2afOh, — Rh + Oh = Vin 
—RI, + QR — jl/2afOh — Rh = 0 
Ol, — Rl + (2R — jl/2afC)l = 0 


» FIGURE B-3 


In order to get V5,;, we must solve for J; using determinants: 


(R — jl/2afC) =i Vin 
—R (2R — jl/27fC) 0 
0 —R 0 
8 VR — flat -R 0 
—R (2R — jl/2afC) —-R 
0 —R (2R — jl/2afC) 
jae R'Vin 
9 (R — fl/2afO\QR — jl/2nfC% — R2QR — jl/2nfC) — RR — 1/2zfO) 
Vout = Rs 
Vin 7 Vin 
R? 
 (R — fl/2nfC)(2R — jl/2nfC* — R3(2 — jlf2afRC) — R21 — 1/2nfRC) 
R 
RAL = jl/2afRCK2 — jl/2afRO* — RP[(2 — jl/2afRC) — (1 — jl/2afRO)] 
R? 
RBC — jl/2afRC\(2 — jl/2afRC — R33 — j1/27fRC) 
Vout _ 1 


Vin (1 — fl/2axfROK(2 — j1/2mfRO)? — (3 — jl/27fRC) 
Expanding and combining the real terms and the j terms separately. 


Vout i 


Vin ( ie 3) ) ( 6 _ 1 ) 
4a7f?R?7C Jj 2afRC Qrf YP R?C 
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For oscillation in the phase-shift amplifier, the phase shift through the RC circuit must equal 
180°. For this condition to exist, the j term must be 0 at the frequency of oscillation f,. 


6 1 
=o 
2nf,RC  (2nf, PRC 
6(2a7)°f2R2C? — 1 


nyc 
6(27r)*f2R°C? — 1 =0 
1 
2 ares 
fr 6(277)7R2C2 
1 
Ga ame Sse 
2a V6RC 


Equation 17-13 Resonant Frequency for a Nonideal Parallel 
Resonant Circuit 


1 Ry — JXL { 1 Rw — JXz 
Mle) eam Te) ee 
Xc (Rw + jX,)(Rw — jXD) Xc Ry + Xz 


The first term plus splitting the numerator of the second term yields 
Le ) = —— Rw 
Z Xe) "\Ry+ Re) B+ 


ee ee 
Xo Ry + XZ 


The j terms are equal. 


Thus, 
he 
Qnf,L 
R%, cr 2: e aaa 
wt QrfD Daf C 
i 
Riy + 40°f7L? = = 
G 
L 
Al = a Ri 


Solving for f2, 


Te at? 


Multiply both numerator and denominator by C, 

pra RWe _ Lb Rie 
" 4rLVC L427 LO) 

Factoring an L out of the numerator and canceling gives 


2 _ 1 = (RVCIL) 
4a? LC 


e 


Taking the square root of both sides yields f,, 


V1 — (R4CIL) 
IatVLC 


i= 


Equation 17-16 Impedance of Nonideal Tank Circuit at Resonance 


Begin with the following expression for 1/Z that was developed in the derivation for 


Equation 17-13. 
Ai) Aaa) a 
Z Axe) ‘\RR + x2)” RR + XB 


At resonance, Z is purely resistive; so it has no j part (the j terms in the last expression 
cancel). Thus, only the real part is left, as stated in the following equation for Z at resonance: 


— Riy + XZ, 
ta Rw 
Splitting the denominator, we get 
Ry XZ Xi 
Z = 4+ = Ry t+ 
Ry Ry R 


Factoring out Ry gives 


Since X}/R4y = Q7, then 
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» TABLE C-1 


Typical composite color codes for 
capacitors (picofarads). 


White (EIA) Black (JAN) 


Ist | Significant 
2nd } figures 


Multiplier 
Tolerance 
Class or characteristic 


(a) Molded mica 


Some capacitors have color-coded designations. The color code used for capacitors is basi- 
cally the same as that used for resistors. Some variations occur in tolerance designation. 
The basic color codes are shown in Table C—1, and some typical color-coded capacitors are 


illustrated in Figure C—1. 


DIGIT MULTIPLIER 
Black 0 1 
Brown it 10 
Red 2 100 
Orange 3 1000 
Yellow 4 10000 
Green 5 100000 
Blue 6 1000000 
Violet i 
Gray 8 
White @) 
Gold 0.1 
Silver 0.01 


TOLERANCE 


5% (EIA) 


5% (JAN) 
10% 


NOTE: EIA stands for Electronic Industries Association. and JAN stands for Joint 


Army-Navy, a military standard. 


Ist Significant 


2nd | figures 
Multiplier 
Tolerance 


Temperature coefficient 


Ist | Significant 
2nd J figures 


Multiplier 


(b) Disk ceramic 


» FIGURE C-1 


Ist’ | Significant 
2nd J figures 


Multiplier 
VY Tolerance 


\ ist 


Indicates outer Significant 
foil. May be on voltage 
either end. May 2nd J fioures 


also be indicated by 
other methods such as 
typographical marking 
or black stripe. 


Add two zeros to significant 
voltage figures. One band 
indicates voltage ratings 
under 1000 volts. 


(c)} Molded tubular 


Typical color-coded capacitors. 


Marking Systems 

A capacitor, as shown in Figure C—2, has certain identifying features. 
¢ Body of one solid color (off-white, beige, gray, tan or brown). 
¢ End electrodes completely enclose ends of part. 
@ Many different sizes: 


1. Type 1206: 0.125 inch long by 0.063 inch wide (3.2 mm X 1.6mm) with variable 
thickness and color. 


2. Type 0805: 0.080 inch long by 0.050 inch wide (2.0mm X 1.25 mm) with vari- 
able thickness and color. 


3. Variably sized with a single color (usually translucent tan or brown). Sizes range 
from 0.059 inch (1.5 mm) to 0.220 inch (5.6 mm) in Jength and in width from 
0.032 inch (0.8 mm) to 0.197 inch (5.0 mm). 


¢ Three different marking systems: 
1. Two place (letter and number only). 
2. Two place (letter and number or two numbers). 


3. One place (letter of varying color). 


Value marking 


End electrode 


» FIGURE C-2 


Capacitor marking. 


Standard Two-Place Code 
Refer to Table C—2. 


3 | = 99 1 = 2000 pe 


Multiplier (0-9) 
Value (Ist and 2nd significant digits) 


Examples: S2 = 4.7 X 100 = 470 pF 
bO = 3.5 X 1.0 = 3.5 pF 
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» TABLE C-2 


» TABLE C-3 


VALUE MULTIPLIER 


A 10 jones; T 5 0= x10 
[a M 3.0 U 56 1= x10 

€. i N 33 m 60 2 = x100 
De aie b 3.5 Vv 62 3 = x1000 
BE. 1s P 36 W 68 4 = x 10000 
F 16 Q 39 n 7.0 5 = x 100000 
CG as d 40 a 75 etc. 

H 2.0 R 43 t 8.0 

y 22 e 45 Y 82 

K 24 S47 y 90 

a 2.5 f 50 Zo 


"Note uppercase and lowercase letters. 


Alternate Two-Place Code 
Refer to Table C—3. 
e Values below 100 pF—Value read directly 


e Values 100 pF and above—Letter/Number code 


= 10 X 10 = 100 pF = 33 x 1000 
= 33000 pF = .033 pF 


Multiplier (1-9) 
Value (1st and 2nd significant digits) 


VALUE MULTIPLIER 
A 10 le22: S 47 1= X10 
B il K 24 eS 2= X100 
(cil? I 27) U 56 3 = X1000 
| De is) M 30 Vv 62 4= x10000 
Eels INS WwW 68 5 = X100000 
F 16 P36 x 75 eles 
G 18 Q 39 SZ, 
HHe20 R 43 Le 9d. 


*Note uppercase letters only, 
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Standard Single-Place Code 
Refer to Table C4. 


W = 4.7 X 1.0 = 4.7 pF 
(orange) 


a Color-multiplier 


Value symbol 


Examples: R (Green) = 3.3 X 100 = 330 pF 
7 (Blue) = 8.2 < 1000 = 8200 pF 


VALUE MULTIPLIER (COLOR) 4 TABLE C-4 
A 10 Koae2e2 W 47 Orange = X1.0 
B ii ik, as xX 5.1 Black = 10 
Ce N 2.7 Ww Se Green = <100 
D 13 Ons0 Zee, Blue = X 1000 
ED f5 R 3.3 Sos Violet = < 10000 
H 1.6 S 3.6 4 75 Red = 100000 
es T7939 A B22 
J Be Vv 43 9 O91 


ANSWERS TO ODD-NUMBERED 


PROBLEMS 


> “SE 


Chapter 1 
1. (a2) 3X10?) (b) 7.5 X10" — (cy 2 X 10° 
3. (a) 84x10? 3 =6(b) 99x 107 =) 2X 10 
5. (a) 3.2 10* (b) 668x107 (¢) 8.7 x 10! 
7. (a) 0.0000025 (b) 500 (ce) 039 
9. (a) 4.32 X 10’ —(b)_ 5.00085 x 10° 
(c) 6.06 x 10°8 
11. (a) 20x 10? — (b) 3.6 x 10" 
(c) 1.54 x 1074 
13. (a) 89 x 10° ~— (b) 450 x 10° 
(c) 12.04 x 10!2 
15. (a) 345 10° = (b) 25 x 107 
(c) 1.29 x 10° 
17. (a) 7.110% = (b) :101 x 10° 
(c) 1.50 x 10° 
19. (a) 22.7X 10% = (b) 200 x 10° 
(c) 848 x 10° 
21. (a) 345A = (b) mA (©) 1.29nA 
23. (a) 3uF = (b) 3.3MQ._—(e) 350A 
25. (a) 75X10 7A — (b) 3.3 X 10°Hz 
(c) 28 X107W 
27. (a) 5000nA = (b) 3.2 mW 
(c) 5MV (d) 10,000 kW 
29. (a) 50.68mA = (b) 2.32 MQ._— (c): 0.0233 uF 
Chapter 2 
1. 4.64 x 1078 C 
3. 80 x 10C 
5. (a) 1OV. (b) 25V— (e) AV 
7. 20V 
9. 33.3V 
tl, OZA 
13. 0.15C 
15. (a) 200mS = (b) 40mS_~—(): 10 mS 


17. dc power supply, solar cell, generator, battery 
19. The power supply converts ac voltage to dc voltage. 
21. (a) 27kD + 5% (b) 1.8kQ + 10% 
23. 330 ©: orange, orange, brown, gold 
2.2 kQ: red, red, red, gold 
56 kQ: green, blue, orange, gold 
100 kQ:: brown, black, yellow, gold 
39 kQ: orange, white, orange, gold 
25. (a) yellow, violet, silver, gold 
(b) red, violet, yellow, gold 
(c) green, brown, green, gold 
27. (a) brown, yellow, violet, red, brown 
(b) orange, white, red, gold, brown 
(c) white, violet, blue, brown, brown 
29. 4.7kO 
31. Through lamp 2 
33. Circuit (b) 
35. See Figure P-1. 


» FIGURE P-1 


37. See Figure P-2. 


A FIGURE P-2 


39. Position 1: V1 = OV, V2 = 


Position 2: V1 = Vs, V2 = OV 


41. See Figure P-3. 


@— 
()- 


+ 


+ 


» FIGURE P-3 


43. 250V 
45. (a) 200, 
47. See Figure P-4. 


DC volt 
12 


(b) 1.50MQ 


(c) 4500 ©, 


S 


(a) and (b) 
Ohms X 1000 
Disconnect a = 
from source 
R 


(c) 


» FIGURE P—4 


Chapter 3 
1. (a) Current triples. 
(c) Current is halved. 


(e) Current quadruples. 


(b) Current is reduced 75%. 


(d) Current increases 54%. 


(f) Current is unchanged. 
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3. V=IR 
5. The graph is a straight line, indicating a linear relationship 
between V and J. 


th Ri = 0.5 0, Ro = 1.0.0, R3 —— 2.0) 
9. See Figure P-5. 


T(mA) 


lv curve fora | 
1.58 kQ resistor | 


0 Ps 4 6 8 10 


4 FIGURE P-5 


11. The voltage decreased by 4 V (from 10 V to 6 V) 
13. See Figure P-6. 
I(A) 


» FIGURE P-6 


15. (a) 5A (b) 1.5A (ce) 500 mA 
(d) 2mA_—) 44.6pA 

17. 1.2A 

19. 532pA 


926 


21. 


23. 


25. 
27. 
29. 


31. 
33; 


35. 
37. 
39. 


41. 
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Yes. The current is now 0.642 A, which exceeds the rating of 31. 50,544] 

the fuse. 33. BA 

(a) 36V (b) 280 V (c) 1700 V 35. 100 mW, 80% 

(d) 28.2V_— (e) 56V 37. 0.08 kWh 

81V 39. V=5V;1=5mA; 
(a) 59.9mA (b) 5.99 V (ce) 4.61 mV R=1kO 

(a) 2kO (b) 3.5kOQ (c) 2kO 

(@) 100kQ —-() LOMO Chapter 5 

1500 1. See Figure P-7. 

133 O; 100 ©: the source can be shorted if the rheostat is 3. 170kO, 


set to 00. 5. 


95 2D, 

Five 

Ry = 560k0; Rg = 2.2 MO; 
Rc = 1.8kO; Rp = 33 0 


V= 18 V;/ = 5.455 mA; 
R= 3.3k0, 


Chapter 4 


1. 


volt = joule/coulomb 
amp = coulomb/second 


VI = joule/coulomb X coulomb/second = joule/sec = watt 


R,, R7, Re, and Ryo are in series. 
Ro, Ry, Re, and Rj, are in series. 


R3, Rs, Ro, and Rj2 are in series. 


7. 5mA 
9. See Figure P-8. 


3. 350 W A FIGURE P-8 
. 20kW ll. (a) 15600 (b) 103 O 
7. (a) 1MW (b) 3 MW (c) 13.7kO, (d) 3.671 MO 
(c) 150 MW (d) 87 MW 13. 67.2k0, 
9. (a) 2,000,000 .W 15. 3.9kO, 
(b) 500 u.W 17. 17.8M0, 
(c) 250 u.W 19. (a) 625 pA (b) 4.26 nA 
(ad) 6.67 pW 21. (a) 34mA (b) 16V (c) 0.543 W 
11. 8640] 23. Ry = 3300, Ro = 2200, R3 = 1000, Ry = 4700 
13. 2.02 kW/day 25. (a) 3310, 
15. 0.00186 kWh (b) Position B: 9.15 mA 
17. 37.50 Position C: 14.3 mA 
19. 360 W Position D: 36.3 mA 
21. 100nW (c) No 
23. 40.2 mW 27. 14V 
25. (a) 0.480 Wh (b) Equal 29. (a) 23V (b) 35V (c) OV 
27. At least 12 W, to allow a safety margin of 20% 31. 4V 
29. 7.07 V 33. 220 
> FIGURE P-7 R A B 
A 
Ry 
Ry Ry Ry 
R; 


(a) (b) 


35. 


RYE 


39: 


41. 


43. 
45. 


» FIGURE P-9 


47. 
49. 
51. 
53. 
55. 
57. 
59. 
61. 
63. 
65. 


Position A: 4.0 V 

Position B: 4.5 V 

Position C: 5.4 V 

Position D: 7.2 V 

4.82% 

A output = 15 V 

B output = 10.6 V 

C output = 2.62 V 

Vr = OV, Vor = 12 V, Var = 18 V, 
Var = 24V, Vsrp = 30V 

V2 = 1.79 V, V3 = 1V, V4 = 17.9V 
See Figure P-9. 


120 V 


54.9 mW 

12.5MO 

V4 = 100V, Vg = 57.7 V, Vo = 15.2 V, Vp = 7.58 V 

Va = 14.82 V, Vg = 12.97 V, Vo = 12.64 V, Vp = 9.34 V 
(a) Ris open. (b) Short from A to B 


{I 


Table 5-1 is correct. 

Yes. There is a short between pin 4 and the upper side of Rj. 
Rr = 7.481 kO, 

R3 = 220 

R, shorted 


Chapter 6 


1. 
3. 


See Figure P-10. 
Rj, Ro, Rs, Ro, Rio, and R12 are in parallel. 


Ry, Re, R7, and Rg are in parallel. 
R3 and Rj, are in parallel. 


A FIGURE P-10 
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5. 100V 
7. Position A: 
V, = 15 V, V2 = OV, V3 = OV, V4 = 15 V 
Position B: 
V, = 15 V, V2 = OV, V3 = 15 V, V4 = OV 
Position C: 
V, = 1S V, V2 = IS V, V3 = 0V,V, =O0V 
9, 135A 
VW. Rp = 22.0, R3 = 1000, Ry = 330 
13. 11.4mA 
15. (a) 3590 
17. 5670 
19. 24.60 
21. (a) 510k, 
235 10:4: 
25. 50 mA; When one bulb burns out, the others remain on. 
27. 53:1 0, 
29. Ib = 167mA, Jy = 83.3 mA, fy = 300mA, 
R, = 2kQ, Rp = 6000 
31. Position A: 2.25 mA 
Position B: 4.75 mA 
Position C: 7 mA 
33. (a) [) = 6.88 yA, lb = 3.12 pA 
(b) 7, = 5.25mA, In = 2.39mA, Iz = 1.59mA, 
I, = 772 pA 
35. Ry = 3.3kO, Ro = 1.8kO, R3 = 5.6kO, Ry = 3.9kO, 
37. (a) 1mQD (b) 5pA 
39. (a) 68.8 .W (b) 52.5 mW 
41. Py = 1.25W, lh = 75mA, I; = 125mA, Vg = 10V, 
R, = 800, Rp = 1330 
43. 682 mA, 3.41A 
45. The 8.2 k© resistor is open. 
47. 
Pins 1-2 
Correct reading: R = 1.0k0 || 3.3kQ = 7670 
R, open: R = 3.3k0, 
R, open: R = 1.0k0, 
Pins 3-4 
Correct reading: R = 270 ©. || 3900 = 15950 
R3 open: R = 3900, 
R, open: R = 2700 
Pins 5-6 
Correct reading: 
R= 1.0MQ || 1.8 MO |] 680k0 || 510kO0. = 201k 
Rs open: R = 1.8 MQ || 680k0 |] 510kQ = 251kO0, 
Re open: R = 1.0MQ || 680kQ |] 510kO = 226k0, 
R; open: R = 1.0MQ || 1.8MQ ||510k0 = 284k0 
Rg open: R = 1.0MQ || 1.8M0O || 680k0 = 330k0 


(b) 25.60 (c) 8190 


(b) 245k. (c) 510kO 


Connect ohmmeter between the following pins: 


927 


(d) 9970 


(d) 193 kO 
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49. Short between pins 3 and 4: 
(a) Rio = (Ri || Roll Ral Ral Ru | Rid 
+ (R5||Re] R7|| Rg] Roll Rio) = 940 0 
(b) R23 = R5|| Rol] R71 Rgll Roll Rio = 518 O 
(Cc) Ro4 = sil Rell R7l| Rell Roll Rio = 518 0 
(€) Rpg = Ri Ro|R3hRallRu Rio = 422.0 


51. R. open 
53. Vs = 3.30V 
Chapter 7 
i. See Figure P-11. 
R 
" oe 


» FIGURE P-11 


3. (a) Ry and Ry are in series with the parallel combination of 
Ro and R3. 
(b) R, is in series with the parallel combination of R2, R3, 
and R4. 
(c) The parallel combination of R2 and R; is in series with 
the parallel combination of Ry and Rs. This is al] in 
parallel with R;. 


§. See Figure P-12. 


16MQ 4.7kQ  1.0k0 510kQ 680k 


2700 3.3k0 
& FIGURE P-12 
7. See Figure P-13. 
9. (a) 133.0 (b) 7790 (ce) 852.0 


® FIGURE P-13 


11. 


13. 


15. 


17. 


- (a) 110kO 


(a) I, = = 113mMA, bh = i; = 5.64mA, 
V, = 633 mV, V2 = V3 = 564mV, 
V4 = 305 mV 
(b) 1, = 3.85mA, Jy = 563 pA, 
Is = 1.16 mA, ly = 2.13 mA, V; = 2.62 V, 
V> = V3 = V4 = 383mV 
(c) 1, = 5mA, fh = 303 pA, 
I, = 568 pA, I, = 313 pA, 
Is = 558 pA, V; = 5V, 
V2 = V3 = 1.88 V, V4 = V5 = 3.13 V 
SWI closed, SW2 open: 220 1 
SWI closed, SW2 closed: 200 2. 
SWI open, SW2 open: 320 2, 
SW1 open, SW2 closed: 300 0 
Va = 100 V, Vg = 61.5 V, Vc = 15.7 V, 
Va 787¥ 


Measure the voltage at A with respect to ground and the 
voltage at B with respect to ground. The difference is Vp. 


303 kD. 

(b) 110 mW 

Rap = 1.32kQ 

Rgc = 1.32k9 

Rep = 00. 

7.5 V unloaded, 7.29 V loaded 

47k. 

8.77V 

R,; = 1000 0; Rp = R3 = 5000; 

LED, Vignes = 455-9 
1.67 V, Vapper = 3-33 V 


lower tap loaded: Vigwer = 


upper tap loaded: Viower = 


33: 


35. 
37. 
39; 
41. 


43. 
45. 
47. 
49. 
51. 
53. 
55. 
Si. 
59. 


(a) Vg = LI5V, Vs = 3.25V 
) =k ]64epA, fp Sie = DI 
(c) Vps = 2.55V, Voc = 4.05 V 


1000 V 

(a) 0.5 V range (b) Approximately 1 mV 

(a) 271 0 (b) 221 mA (c) 58.7mA (d) 12V 
621.0, = Ig = 16.1 mA, ly = 8.27mA, 


I, = Ig = 7.84mA, I, = 4.06mA, Is = Ig = 17 = 3.78 mA 
971 mA 

(a) 9V (b) 3.75 V (c) 11.25V 

6 mV (right side positive with respect to left side) 

No, it should be 4.39 V. 

The 2.2 k©. resistor (R3) is open. 

The 3.3 k© resistor (R4) is open. 

Rr = 296.7 0 

R3 = 560kO, 

Rs shorted 


Chapter 8 


pune 


11. 
13. 
15. 
17. 
19. 
21. 
23. 


25. 
27. 
29. 
31. 
33. 
ARE 


37. 
39. 
41. 


Is = 6A, Rs = 50 0 
200 mQ. 


. Vs = 720V, Rs = 1.2k0, 
. 845 pA 


1.6mA 

Vina — S12 V3 View = 1:32V 
90.7 V 

Igy = 2.28 mA, Igo = 1.35 mA 
116 pA 

Rry = 88.6 0, Vix = 1.09V 
100 nA 

(a) Jy = 110mA, Ry = 76.7 0 
(b) Iy = 1h. mA, Ry = 730 
(c) Fy = 502A, Ry = 35.9kO 
(d) Ty = 68.8 mA, Ry = 1.3k0 
17.9V 

Ty = 953 pA, Ry = 1175 2 

Iy = —48.2 mA, Rx = 56.9 2. 
111 

Rory = 48 0, Ry = 1609 

(a) Ra = 39.80,Rp = 73.0, Re = 48.70 
(b) Ra = 21.2k0, Rp = 10.3k0, Re = 14.9kO 
R, leaky 

Tx = 0.383 mA; Ry = 9.674 kO 
Ing = 1.206 mA; Vaz = 3.432 V; 
Ry = 2.846 kO 
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Chapter 9 
1. J, = 371 mA; = 143 mA 
3. =0A,h=2A 
5. (a) —16,470 (b) —1.59 
7. 1 = 124A, = 2.05 A, = 189A 
9. XI = .371428571429 (I, = 371 mA) 
X2 = —.142857142857 (2 = —143 mA) 
ll. 1, -h-kh=0 
13. V, = 5.66V, V2 = 6.33 V, V3 = 325 mV 
15. —1.84V 
17. 1, = —S.11mA,/ = —3.52mA 
19, V,; = 5.11 V, V3 = 890 mV, V2 = 2.89V 
21. 1, = 15.6mA,, = —61.3mA,i3 = 61.5mA 
23. —11.2mV 
25. Note: all Rs (coefficients) are in kf. 
Loop A: 5.481, — 3.3I, 15lc =0 
Loop B: —3.3I, + 4.12Ig — 0.82I¢ = 15 
Loop C: —1.5J, — 0.82/p + 4.52Ic¢ = 0 
27. [, = 20.6mA, 2, = 193mA, 1, = —172mA 
29. V4 = 1.5V,Vg = —5.65V 
31. T, = 193 pA, bb = 370 pA, 1, = 179 pA, 
I, = 328 pA, I, = 1.46mA, Ig = 522 pA, 
I; = 2.16mA, Ig = 1.64mA, Vg = —3.70V, 
Vg = —5.85V,Vc = —15.7V 
33. No fault 
35. R, open 
37. Lower fuse open 
39. R, open 
Chapter 10 
1. Decreases 
3. 37.5 uWb 
5. 1000 G 
7. 597 
9. 150 At 
L1. (a) Electromagnetic field (b) Spring 
13. Forces produced by the interaction of the electromagnetic 
field and the permanent magnetic field 
15. Change the current. 
{7. Material A 
19. The strength of the magnetic field, the length of the conductor 
exposed to the field, and the rotational rate of the conductor 
21. Lenz’s law defines the polarity of the induced voltage. 
23. The commutator and brush arrangement electrically connect 


the loop to the external circuit. 
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25. Figure P-14. 


» FIGURE P-14 


Chapter 11 
1. (a) 1 Hz (b) 5 Hz 

(d) LkHz ~—(e) 2kHz 

2 us 

250 Hz 

200 rps 

(a) 7.07 mA 

(c) 14.14mA 

11. (a) 0.524 or w/6 rad 
(c) 1.361 or 3977/90 rad 
(e) 3.491 or 10/9 1ad 

13. 15°, A leading 

15. See Figure P-15. 


(c) 20 Hz 
(f) 100 kHz 


SSA ON Co 


(b) OA (full cycle), 4.5 mA (half-cycle) 
(b) 0.785 or 7/4 rad 


(d) 2.356 or 3277/4 rad 
(£) 5.236 or 57/3 rad 


© FIGURE P-15 


17. (a) 57.4mA 
(d) —57.4mA 


19. 30°: 13.0V 
45°: 14.5 V 
90°: 13.0 V 
138075 =7.5°V 
200°: -11.5V 
3008: —7:5'V 
21. 22.1V 
23. See Figure P-16. 


(b) 99.6 mA 
(e) —99.6mA 


(©) -17.4mA 
(f) OmA 


» FIGURE P-16 


25. (a) 156mV (b) 1V (c) OV 
27. Viaygy = 40.5 V, Vaavgy = 31.5 V 
29. Vinax = 39 V. Vinin = 9V 
Bib al We 
33. 1, = 3.0ms,% = 3.0 ms, ty = 12.0ms, Ampl. = 5V 
35. 5.84V 
37. (a) —0.375V (b) 3.01 V 
39. (a) 50 kHz (b) 10 Hz 
41. 75 kHz, 125 kHz, 175 kHz, 225 kHz, 275 kHz, 325 kHz 
43. Vy = 600 mV, T = 500 ms 
45. Viyiny = 4.44 V, fin = 2Hz 
AT. Vii= 16F1T Vg Vy = S911 Vers 
V2 = 36.766 Vpp; V2 = 13.005 Vis 
V3 = 14.378 Vpp; V3 = 5.084 Vins 
49. No fault 
51. Vinin = 2.000 Vp; Vinax = 22.000 V,, 


Chapter 12 

1. (a2) SpF (bb) 1 pCO) 10V 

3. (a) 0.001uF = (b) 0.0035 pF 

5. 125) 

7. (a) 8.85 x 10°!2F/m 
(c) 66.4 X 10°!? F/m 

9. 983 pF 

11. 0.0249 pF 

13. 12.5 pF increase 


15. Ceramic 


(c) 0.00025 pF 


(b) 35.4 x 10° '?F/m 
(d) 17.7 x 10°12 F/m 


17. Aluminum, tantalum; they are polarized. 


19. (a) 0.022uF = (b) 0.047 pF 
(c) 0.001 nF = (d) 220 pF 
21. (a) 0.688 pF (b) 69.7 pF (c) 2.64 uF 
22 Ink 
25. (a) 1057 pF (b) 0.121 pF 
27. (a) 2.62 pF (b) 689 pF (c) 1.6 uF 
29. (a) 0.411 pC 
(b) V, = 10.47V 
Bisa 
V3 = 652V 
V, = 5.48V 
31. (a) 13.2 ms (b) 247.5 pus (c) 11 ps 
33. (a) 9.20V (b) 1.24V ({c) 0.458 V 
35. (a) 17.9V (b) 12.8 V (c) 6.59 V 
37. 7.62 ps 
39. 3.00 us 


41. See Figure P-17. 


43. (a) 3040 (b) 116k. (c) 4970 


(d) 280 ps 
(d) 0.168 V 


(b) 


10 ms 15 ms 


» FIGURE P-17 


45. 
47. 
49. 
51. 
§3. 
55. 
57. 


59. 


200 ©. 

0 W, 3.39 mVAR 

0.00541 uF 

The ripple is reduced. 

4.55 kO, 

V, = 3.103 V; V2 = 6.828 V; V3 = 2.069 V 

Ic @ 1 kHz = 1.383 mA; Ic @ 500 Hz = 0.691 mA 
Ic @ 2kHz = 2.768 mA 

C4 shorted 


Chapter 13 


- (a) 1000mH_~ = (b) 0.25mH_ = (c) 0.01 mH ~= (d) 0.5 mH 
. 50mV 


20 mV 
0.94 pI 


. Inductor 2 has three-fourths the inductance of inductor 1. 
« 155 eH 

. 50.5 mH 

. 7.14 pH 

. (a) 4.33H (b) 50 mH (c) 57.1 wH 

. (a) lus (b) 2.13 ps (c) 2 ys 

« (a) 5.52 Vi (b) 2.03 V (c) 747 mV 


(d) 275mV_—(e) 101 mV 


. (a) 12.3V (b) 9.10 V (c) 3.35 V 
- 11.0 ps 
» 0.722 ps 


136 pA 


- (a) 1440 (b) 10.1.0 (c) 13.40 
. (a) 55.5 Hz (b) 796 Hz (c) 597 Hz 
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35. 26.1 mA 

37. V, = 12.953 V; V2 = 11.047 V; V3 = 5.948 V; 
Vq = 5.099 V; Vs = 5.099 V 

39. L3 open 


Chapter 14 


1. 1.5 pH 
3. 4; 0.25 
5. (a) 100 V rms; in phase (b) 100 V rms; out of phase 
(c) 20 V rms; out of phase 
7. 600V 
9. 0.25 (4:1) 
11. 60V 
13. (a) 10V (b) 240 V 
15. (a) 25mA (b) 5O0mA (c) 15 V (d) 750 mW 
17. 1.83 
19. 9.76W 
21. 94.5 W 
23. 0.98 
25. 25 kVA 
27. V; = 11.5 V, V2 = 23.0 V, V3 = 23.0 V, V4 = 46.0V 
29. (a) 48V (b) 25V 
31. (a) Vaz = 35 Vi Ip, = 2.92 A, Ve = 15 V Ig = 15A 
(b) 34.5 0 


33. Excessive primary current is drawn, potentially burning 
out the source and/or the transformer unless the primary is 
protected by a fuse. 


35. Turns ratio 0.5 
37. Ro open 


Chapter 15 


1. Magnitude, angle 
3. See Figure P-18. 


A FIGURE P-18 
a ee a ee 
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5. (a) —5, +j3.and5, —j3 (b) —1,—j7 and 1, +j7 37. OHz OV 
(c) —10, +10 and 10, —j10 1 kHz 5.32V 

7. 18.0 2 kHz 7.82V 
9. (a) 643 — 7766 (b) —14.1 + j5.13 3 kHz 8.83 V 
(c) -17.7-jl7.7  (d) -3 + j0 4 kHz 9.29V 

Al. (a) Fourth (b) Fourth 5 kHz 9.53 V 
(c) Fourth (d) First 6 kHz 9.66 V 

13. (a) 12Z115° —(b). 20.2230° 7 kHz 9.76 V 
(c) 1002190° —(d) 50.2160° 8 kHz 9.80V 

15. (a) 1.1+j07  (b) —81 — 735 aki geared 
10 kHz 9.87V 


§.28 — j52 ~—50.4 + j62.5 
(c) 55.27 (d) J 39. See Figure P-19. 


L7. (a) 824A? (b) 7Z—101° 
(c) 1.52.270.6° (d) 2.79 Z —63.5° 
19. 8 kHz, 8 kHz 


21. (a) 2709 — j100.,2882—-20.3° O 
(b) 6809 — 1000 Q, 1.21. 2—55.8°kO 
23. (a) 56kQ — j723kO 
(b) 56k — j145kO 
(c) 56kO — j72.3kO 
(d) 56kO — j28.9kO 
25. (a) R = 339,X¢ = 500 
(b) R = 2720,X¢ = 1270 


(c) R = 698 0,X¢ = 1.66kO & FIGURE P-19 
(d) R = 558 QO, Xe = 558 0} 41. 245 Oo —80.5° 
27. (a) 183257.5° pA 43. Ve =e 1020° V 
(b) 611240.3° uA lo = 184238 md, 
(c) 1.98.276.2° mA Ip = 14720° mA 
29. —14.5° Ic = 111.290°mA 
31. (a) 97.32—54.9° O 45. (a) 6.59 7—48.8° O (b) 1020°mA 
(b) 103.254.9° mA (ec) 11.4290°mA (d) 15.2248.8° mA 
(ce) 5.76254.9° V (€) —48.8° (jo; leading V,) 
(d) 8.182—35.1° V 47. 18.4kQ resistor in series with 196 pF capacitor. 
33. Ry = 120, Cy = 13.3 pF in series. 49. Voy = 8.42 Z—-2.9° V, Von = 1.58.2 —-57.5° V 
35, 0 Hz 1V Vo — 3.65 Z6.8° V, Vri 3 3.29 2732.5°V 
ike 493 mV Vin = 2.36.26.8° V, Vaz = 1.2926.8°V 
oe ABbere 51. Loy = 79.5 287.19 mA, Ip, = 6.99.232.5° mA 
Sn Abe Ic¢3 = 75.7.296.8° mA, Ipop3 = 7.16.26.8° mA 
4 kHz 253 mV ee get oer 
a5: = Ig, = 2.27274.5°mA 
5 kHz 205 mV oe =" 
Io = 2.04.272.0° mA 
6 kHz 172 mV 
Ip3 = 246284.3° pA 
7 kHz 148 mV 
Iga = 149 741.2° pA 
BRE seagee Ips = 180.275.1° pA 
ar hid —_ Ics = 101 par A 
10 kHz 104 mV cae: . 


I~ = 101.2131° pA 


57. 
59. 
61. 


63. 
65. 
67. 


69. 
71. 
73. 
75. 


4.03 VA 

0.914 

(a) Ip, = 4.8 A, Ip, = 3.33A 

(b) P,4 = 606 VAR, P,g = 250 VAR 
(c) Piues = 979 W, Prep = 759 W 
(d) Pas, = 1151 VA, Pag = 799 VA 
(e) LoadA 

0.0796 WF 

Reduces V,,,; to 2.83 V and @ to —56.7° 
(b) 3202-71 3° mV 
(d) OV 


(a) No output voltage 
(c) 500.20° mV 

No fault 

R, open 

No fault 

48.4 Hz 


Chapter 16 


1. 
3. 


17. 
19, 
21. 
23. 


25. 
27. 


- (a) 43.52—55° mA 
. @ increases from 38.7° to 58.1°. 
- (a) Vp = 4.852-14.1°V 


15 kHz 

(a) 1002 + j50 0; 112226.6° 1 

(b) 1.5kO + j1kO; 1.80233.7°kO 

(a) 17.4246.4° 0 (b) 64.0279.2° 0 

(c) 127284.6° OD (d) 251287.3° 0 

806 2, 4.11 mH 

0.370 V 

(b) 11.8.2 —34.6° mA 


V_, = 1.22275.9° V 

(b) Vp = 3.83.2 —40.0° V 
V_, = 3.21.250.0° V 

(c) Vp = 2.162—64.5° V 
V_, = 4.51225.5° V 

(d) Ve = 1.162 —-76.6° V 
Vi, = 4.86213.4° V 

(a) —0.0923° (b) —9.15° 

7.15 Z49.9° O 

2.39 kHz 

(a) 274260.7° 0 

(c) 1592Z—90° mA 

(e) 60.7° Uyo; lagging V,) 

1.83 k© resistor in series with 4 21 kO inductive reactance 

Vri = 21.82—3.89° V 

Var = 7.2729.61°V 

Vr3 = 3.382 —-53.3° V 

Vin = Vin = 6.44.237.3° V 


(c) —58.2° (d) —86.4° 


(b) 89.3.20° mA 
(d) 1822—60.7° mA 


ANSWERS TO ODD-NUMBERED PROBLEMS 


29. Ig = ly = 389. 2—3.89° mA 
Le = 33029.61° mA 
Ip3 = 102.2—53.3° mA 
In = Wp = 51.32—-52.7°mA 
31. (a) 588.2—50.5°mA 
(b) 22.0.216.1°V 
(c) 8.632—135°V 
33. 6 = 52.5°(V,,, lags Vin), 0.143 


120, 


» FIGURE P—20 
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35. See Figure P-20. 
2 
: 25k 
37. 1.29 W, 1.04 VAR 
39. Pre = 290 mW; P, = 508 mVAR; 
P,, = 296 mVA; PF = 0.985 


R 
41. Use the formula, V,,,, = (2)v.. See Figure P—21. 


tot 


FREQUENCY 
(kHz) 5, fie 
0 on 39.00 
1 62.8.0 3.90 
2 126.9 1320 
3 189 0 193.0 
4 2510 2542 
5 3149 3170 


» FIGURE P-21 


Vout 
1V 
528 mV 
296 mV 
203 mV 
153 mV 
123 mV 


934 9° 


V;, =997 mV 


i 
—85.6° 4.44° 


Vp=77.4 mV 


» FIGURE P-22 


ANSWERS TO ODD-NuMBERED PROBLEMS 


V, = 49.9 mV 


on 


4.44° 


- /35.6° 


Vp = 3.87 mV 


43. See Figure P-22. 
45. (a) OV 
(c) 1.622—25.8°V 
47. L, leaky 
49. L, open 
51. No fault 
53. f. © 53.214 kHz 


(b) OV 


Chapter 17 
1. 5202-88.9° ©; 520 © capacitive 


3. Impedance increases to 150 0. 
5. lor = 61-42Z—43.8° mA 
Vr = 2.892 —43.8° V 
Vi = 4.91246.2°V 
Vo = 2.15 2—-134°V 
7. (a) 35.8265.1°mA 
(b) 181 mW 
(c) 390 mVAR 
(d) 430 mVA 
9. 12V 
Ml. Z = 2000, X¢ = Xp = 2kO 
13. 500 mA 
15. See Figure P—23. 


0.001 uF 


» FIGURE P_-23 


(d) 2.15 7—64.5° V 


101 wH 


17. 


19. 


35. 
37. 


39. 
41. 
43. 
45. 
47. 
49, 
51. 


The phase angle of —4.43° indicates a slightly capacitive 
circuit. 

Ip = 5020° mA 

I, = 4.422-—90° mA 

Ic = 8.29.290° mA 

ior = 50.2.24.43° mA 

Vr = Vi = Vo =52Z0°V 

Ip = 5020° mA, I, = 531 2—90° pA, 

Ic = 69.1.290° pA, I, = 84.9253.9° mA 
53.5 MQ, 104 kHz 

P, = O VAR, Pq = 7.45 pVA, Prue = 538 mW 
(a) —1.97° (V, lags Ijor) 

(b) 23.0° (V, leads Jj) 

49.1 k resistor in series with 1.38 H inductor 
45.2° (1 leads V,) 

Try = Iq) = 1.092 —25.7° mA 

Ir = 767 219.3° pA 

Iq = 7672 109.3° pA 

I, = 1.532 —70.7° mA 

Vro = Voo = Vz = 7.67219.3° V 

Vr, = 3.602—25.7° V 

Voi = 1.09.2-116° V 

52.2.2 126° mA 

Sr(seriesy = 4-11 kHz 

Vou = 4.83 2Z—61.0° V 

Fr(paratiely = 2-6 kHz 

Vo = lOoZorv 

62.5 Hz 

1.38 W 

200 Hz 

C, leaky 

C, leaky 

No fault 

St. © 338.698 kHz 


Chapter 18 
2222277227 tms 
3. (a) 9.362-20.7° V 
(b) 7.18.2—44.1° V 
(ce) 9.962 —5.44°V 
(d) 9.95 2Z—5.74°V 
5. (a) 12.1 uF (b) 1.45 pF 
(c) 0.723 pF (d) 0.144 uF 
7. See Figure P-24. 


» FIGURE P—24 


9. (a) 7.13 V 
(c) 4.01 V 
1. SYS ZA2 89 V 
13. (a) 3.53269.3°V 
(b) 4.85 261.0° V 
(c) 947284.6° mV 
(d) 995 284.3° mV 
15. See Figure P-25. 
17. (a) 14.5 kHz 
(b) 24.0 kHz 
19. (a) 15.06 kHz, 13.94 kHz 
(b) 25.3 kHz, 22.7 kHz 
21. (a) 117V (b) 115 V 


(b) 5.67V 
(d) 0.800 V 


~ FIGURE P-25 


ANSWERS TO ODD-NUMBERED PROBLEMS 


0dB OdB 
D 
SS 
% 
% 
0 > 
f i 500 Hz f 
(a) (b) 
OdB O0dB 
DB 
& 
Ne 
: 1 kHz f 0 a 
(c) (d) 
23. C = 0.064 uF, L = 989 wH, f. = 20 kHz 
25. (a) 86.3 Hz 
(b) 7.34 MHz 
27. L, = 0.08 pH, 
Ly = 0.554 pH 
29. C4 leaky 
31. Cj, shorted 
33. No fault 
35. BW = 88.93 MHz 
Chapter 19 
1. 1.22.228.6°mA 
3. 81.02Z—-11.9°mA 
0 dB 
” 159 Hz f 720 Hz a) 
(a) (b) 
0dB 
0 > f >f 


199 kHz 
©) (d) 


e 
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936 © ANSWERS TO ODD-NUMBERED PROBLEMS 


5. Vacacy = OV, Vasc) = 16.1 V, Veqacey = 15.1 V; 
Vexdcy = OV, Vagpeakry = 9 V, Veqpeak) = 5-96 V, 
Veypeak) = Varpeaky = 4.96 V 

Ts (8) Vip =] 192-53 CV 

Zy, = 63.1 — j48.0 = 79.22 —37.3° O 
(b) Vy, = 1.22Z0°V 
Zy, = j237 O = 237290° © 
= 12.1211.9°V 
Zi = 50kKOD — j20k0 = 53.92 —-21.8°kO 
9. 16.9288.2°V 
11. (a) I, = 1892Z—-15.8°mA 
Z, = 63.0, — j48 0, 
(b) IE, = 5.15 Z—90° mA 
Z, = j2370 
(c) I, = 224233.7° pA 
Z,, = 50kQ. — j20kN. 

13. 16.8288.5°V 

15. 9.180 + j2.900 

17. 95.20 + j42.70 

19. Cy leaky 

21. No fault 

23. I, = 30.1422—-113.1° pA 
Z,, = 30.3264.28° kN 


eS 
& 
<< 
> 

| 


Chapter 20 
1. 103 us 
3. 126V 


5. See Figure P26. 


» FIGURE P-—26 


7. (a) 23.5 ms 
(b) See Figure P—27. 


LOVEE 


N, > t(ms) 


~ FIGURE P-27 


9. See Figure P-28. 
Vout 
12V 


1 
i} 
1 t 
1 1 
I iJ 
! { 
! l 


0 t (ms) 


235 500 735 970 1205 1440 1675 


» FIGURE P-28 


11. See Figure P—29. 


"TL AL 


| I | l 
| l | I l } 
| | 0.632 V | 1 0.644V | 10.644 V 
Vout iv 1 l 
7} ! 0.0316 V ' 0.032 
0 Se ————_— 
2 ys Th ys 


» FIGURE P-29 


13. See Figure P-30 


+10V 


T << ty 0 


-10V 


T >> ty 0 


» FIGURE P-30 


15. (a) 493.5 ns 
(b) See Figure P-31. 


SV 


» FIGURE P-31 


17. An approximate square wave with an average value of zero. 


19. 


See Figure P—32. 


0 t (ms) 
250 500 750 


» FIGURE P-32 


21. 


(a) 4.55 ps 
(b) See Figure P—33 


10V 


» FIGURE P-33 


23. 
25. 


27. 
29. 


15.9 kHz 

(a) Capacitor open or R shorted. 

(b) Cleaky or R > 3.3kQ or C > 0.22 uF 
(c) Resistor open or capacitor shorted 

C| open or R; shorted 


R, or R2 open 


Chapter 21 

1. 17.5° 

3. 376mA 

5. 1.322Z121°A 

7. Ing = 8.66.2—30°A 


Ip, = 8.66290°A 

Ip. = 8.662—150° A 

(8) Vijar) = 866.2 —30° V 
Visca) = 8662 —150° V 
Vigoc) = 866.290° V 


ANSWERS TO ODD-NUMBERED PROBLEMS 


(b) Ig, = 5002 —32° mA 
Ip, = 500288° mA 
I,. = 500Z—152°mA 
(c) Ip, = 5002-—32°mA 
Ij, = 500 288° mA 
I,, = 5002-—152°mA 
(d) I, = 5002-32° mA 
Iz, = 500 288° mA 
Iz, = 500Z—-152° mA 
(e) Vz, = 500 20° V 
Vz = 5002120° V 
Vz, = 500Z-120° V 
11. (a) Viva) = 86.62 —30° V 
Vigea) = 86.62—150° V 
Vitec) = 86.62 90° V 
(b) Igq = 2502 110°mA 
Ign = 2502—130° mA 
2502—10° mA 
(ce) I, = 2502110° mA 
In = 250 2Z—-130° mA 
= 2502Z-—10° mA 
(d) I, = 1442140°mA 
Iy = 144220°mA 
Iz, = 1442Z-100°mA 
(e) Vz, = 86.62 —-150° V 
Vzp = 86.6.290° V 
Vz. = 86.62-—30° V 
13. Viyar) = 3302—120° V 
Vitca) = 3302120° V 
Vigo) = 33020°V 
IZ, = 38.22—-150°A 
Ly, = 38.22Z—-30°A 
LZ, = 38.22Z90°A 
15. Figure 21-37: 636 W 
Figure 21-38: 149 W 
Figure 21-39: 12.8 W 
Figure 21-40: 2.78 kW 
Figure 2141: 10.9kW 
17. 24.2 W 
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accuracy The degree to which a measured value represents the 
true or accepted value of a quantity. 

admittance (Y) A measure of the ability of a reactive circuit 
to permit current; the reciprocal of impedance. The unit is the 
siemens (S). 

ammeter An electrical instrument used to measure current. 
ampere (A) The unit of electrical current. 

ampere-hour (Ah) rating A number given in ampere-hours 
determined by multiplying the current (A) times the length of 
time (h) a battery can deliver that current to a load. 
ampere-turn The current in a single loop (turn) of wire. 
amplitude The maximum value of a voltage or current. 


angular velocity The rotational rate of a phasor which 

is related to the frequency of the sine wave that the phasor 
represents. 

apparent power The phasor combination of resistive power (true 
power) and reactive power. The unit is the volt-ampere (VA). 


apparent power rating The method of rating transformers in 
which the power capability is expressed in volt-amperes (VA). 


atom The smallest particle of an element possessing the unique 
characteristics of that element. 


atomic number The number of protons in a nucleus. 


attenuation A reduction of the output signal compared to the 
input signal, resulting in a ratio with a value of less than 1 for the 
output voltage to the input voltage of a circuit. 


autotransformer A transformer in which the primary and sec- 
ondary are in a single winding. 

average value The average of a sine wave over one half-cycle. It 
is 0.637 times the peak value. 


AWG American wire gauge; a standardization based on wire 
diameter. 


balanced bridge A bridge circuit that is in the balanced state as 
indicated by 0 V across the output. 


balanced load A condition where all the load currents are equal 
and the neutral current is zero. 


band-pass filter A filter that passes a range of frequencies lying 
between two critical frequencies and rejects frequencies above 
and below that range. 


band-stop filter A filter that rejects a range of frequencies lying 
between two critical frequencies and passes frequencies above and 
below that range. 


bandwidth The range of frequencies for which the current 

(or output voltage) is equal to or greater than 70.7% of its value 
at the resonant frequency that is considered to be passed by a 
filter. 


baseline The normal level of a pulse waveform; the voltage level 
in the absence of a pulse. 

battery An energy source that uses a chemical reaction to convert 
chemical energy into electrical energy. 

bias The application of a dc voltage to an electronic device to 
produce a desired mode of operation. 

bleeder current The current left after the total load current is 
subtracted from the total current into the circuit. 

Bode plot The graph of a filter’s frequency response showing the 
change in the output voltage to input voltage ratio expressed in dB 
as a function of frequency for a constant input voltage. 

branch One current path in a parallel circuit; a current path that 
connects two nodes. 


branch current The actual current in a branch. 


capacitance The ability of a capacitor to store electrical charge. 


capacitive reactance The opposition of a capacitor to sinusoidal 
current. The unit is the ohm (2). 

capacitive susceptance (Bc) The ability of a capacitor to permit 
current; the reciprocal of capacitive reactance. The unit is the 
siemens (S). 

capacitor An electrical device consisting of two conductive 
plates separated by an insulating material and possessing the 
property of capacitance. 

center frequency (fp) The resonant frequency of a bandpass or 
band-stop filter. 

center tap (CT) A connection at the midpoint of a winding ina 
transformer. 

charge An electrical property of matter that exists because of an 
excess or a deficiency of electrons. Charge can be either positive 
or negative. 

choke A type of inductor used to block or choke off high 
frequencies. 


circuit An interconnection of electrical components designed to 
produce a desired result. A basic circuit consists of a source, a 
load, and an interconnecting current path. 

circuit breaker A resettable protective device used for interrupt- 
ing excessive current in an electric circuit. 


circular mil (CM) A unit of the cross-sectional area of a wire. 


closed circuit A circuit with a complete current path. 

coefficient The constant number that appears in front of a variable. 
coefficient of coupling (&) A constant associated with transformers 
that is the ratio of secondary magnetic flux to primary magnetic 
flux. The ideal value of 1 indicates that all the flux in the primary 
winding is coupled into the secondary winding. 


common Reference ground. 


complex conjugate A complex number having the same real part 
and an oppositely signed imaginary part; an impedance containing 
the same resistance and a reactance opposite in phase but equal in 
magnitude to that of a given impedance. 

complex plane An area consisting of four quadrants on which a 
quantity containing both magnitude and direction can be repre- 
sented. 

conductance (G) The ability of a circuit to allow current; the 
reciprocal of resistance. The unit is the siemens (S). 

conductor A material in which electric current is easily estab- 
lished. An example is copper. 

core The physical structure around which the winding of an 
inductor is formed. The core material influences the electro- 
magnetic characteristics of the inductor. 

coulomb (C) The unit of electrical charge; the total charge pos- 
sessed by 6.25 x 10!® electrons. 

Coulomb’s law A law that states a force exists between two 
charged bodies that is directly proportional to the product of the 
two charges and inversely proportional to the square of the 
distance between them. 

critical frequency (f,) The frequency at which a filter’s output 
voltage is 70.7% of the maximum. 

current The rate of flow of charge (electrons). 

current divider A parallel circuit in which the currents divide 
inversely proportional to the parallel branch resistances. 

current source A device that provides a constant current for a 
varying load. 

cutoff frequency (f,) The frequency at which the output voltage 
of a filter is 70.7% of the maximum output voltage; another term 
for critical frequency. 


cycle One repetition of a periodic waveform. 


DC component The average value of a pulse waveform. 
decade A tenfold change in frequency or other parameter. 


decibel A logarithmic measurement of the ratio of one power to 
another or one voltage to another, which can be used to express 
the input-to-output relationship of a filter. 

degree The unit of angular measure corresponding to 1/360 of a 
complete revolution. 

determinant The solution of a matrix consisting of an array of 
coefficients and constants for a set of simultaneous equations. 
dielectric The insulating material between the plates of a capacitor. 


dielectric constant A measure of the ability of a dielectric mate- 
rial to establish an electric field. 


dielectric strength A measure of the ability of a dielectric mate- 
rial to withstand voltage without breaking down. 
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differentiator A circuit producing an output that approaches the 
mathematical derivative of the input. 


digital multimeter An electronic instrument that combines 
meters for the measurement of voltage, current, and resistance. 


DMM Digital multimeter; an electronic instrument that combines 
meters for measurement of voltage, current, and resistance. 


duty cycle A characteristic of a pulse waveform that indicates 
the percentage of time that a pulse is present during a cycle; the 
ratio of pulse width to period, expressed as either a fraction or 
as a percentage. 


effective value A measure of the heating effect of a sine wave; 
also known as the rms (root mean square) value. 


efficiency The ratio of the output power delivered to a load to the 
input power to a circuit, usually expressed as a percentage. 
electrical Related to the use of electrical voltage and current to 
achieve desired results. 


electrical isolation The condition that exists when two coils are 
magnetically linked but have no electrical connection between them. 
electrical shock The physical sensation resulting from electrical 
current through the body. 

electromagnetic field A formation of a group of magnetic lines 
of force surrounding a conductor created by electrical current in 
the conductor. 

electromagnetism The production of a magnetic field by current 
in a conductor. 

electromagnetic induction The phenomenon or process by which 
a voltage is produced in a conductor when there is relative motion 
between the conductor and a magnetic or electromagnetic field. 
electron A basic particle of electrical charge in matter. The elec- 
tron possesses negative charge. 

electronic Related to the movement and control of free electrons 
in semiconductors or vacuum devices. 


electronic power supply A voltage source that converts the ac 
voltage from a wall outlet to a constant (dc) voltage at a level suit- 
able for electronic components. 


element One of the unique substances that make up the known uni- 
verse. Each element is characterized by a unique atomic structure. 


energy The ability to do work. 


engineering notation A system for representing any number as 
a one-, two-, or three-digit number times a power of ten with an 
exponent that is a multiple of 3. 


equivalent circuit A circuit that produces the same voltage and 
current to a given load as the original circuit that it replaces. 


exponent The number to which a base number is raised. 


falling edge The negative-going transition of a pulse. 


fall time 7) The time interval required for a pulse to change 
from 90% to 10% of its amplitude. 


farad (F) The unit of capacitance. 


Faraday’s law A law stating that the voltage induced across a 
coil of wire equals the number of turns in the coil times the rate of 
change of the magnetic flux. 


field winding The winding on the rotor of an ac generator. 
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filter A type of circuit that passes certain frequencies and rejects 
all others. 


free electron A valence electron that has broken away from its 
parent atom and is free to move from atom to atom within the 
atomic structure of a material. 


frequency A measure of the rate of change of a periodic func- 
tion; the number of cycles completed in 1 s. The unit of frequency 
is the hertz. 


frequency response In electric circuits, the variation in the out- 
put voltage (or current) over a specified range of frequencies. 


function generator An electronic instrument that produces 
electrical signals in the form of sine waves, triangular waves, 
and pulses. 


fundamental frequency The repetition rate of a waveform. 


fuse A protective device that burns open when there is excessive 
current in a circuit. 


gauss (G) A CGS unit of flux density. 


generator An energy source that produces electrical signals. 
ground In electric circuits, the common or reference point. 


half-power frequency The frequency at which the output power 
of a resonant circuit is 50% of the maximum (the output voltage 
is 70.7% of maximum); another name for critical or cutoff fre- 
quency. 

half-splitting A troubleshooting procedure where one starts in the 
middle of a circuit or system and, depending on the first measure- 
ment, works toward the output or toward the input to find the fault. 


harmonics The frequencies contained in a composite waveform, 
which are integer multiples of the repetition frequency (fundamental). 


henry (H) The unit of inductance. 


hertz (Hz) The unit of frequency. One hertz equals one cycle per 
second. 

high-pass filter A type of filter that passes all frequencies above 
a critical frequency and rejects all frequencies below that critical 
frequency. 


hysteresis A characteristic of a magnetic material whereby a change 
in magnetization lags the application of magnetic field intensity. 


imaginary number A number that exists on the vertical axis of 
the complex plane. 


impedance The total opposition to sinusoidal current expressed 
in ohms. 


impedance matching A technique used to match a load resis- 
tance to a source resistance in order to achieve maximum transfer 
of power. 

induced current (i;,q) A current induced in a conductor when the 
conductor moves through a magnetic field. 

induced voltage (¥;,q) Voliage produced as a result of a changing 
magnetic field. 


inductance The property of an inductor whereby a change in cur- 
rent causes the inductor to produce a voltage that opposes the 
change in current. 


inductive reactance The opposition of an inductor to sinusoidal 
current. The unit is the ohm (Q). 


inductive susceptance The ability of an inductor to permit current; 
the reciprocal of inductive reactance. The unit is the siemens (S). 


inductor An electrical device formed by a wire wound around a 
core having the property of inductance; also known as coil. 


instantaneous power The value of power in a circuit at any given 
instant of time. 


instantaneous value The voltage or current value of a waveform 
al a given instant in time. 


insulator A material that does not allow current under normal 
conditions. 


integrator A circuit producing an output that approaches the 
mathematical integral of the input. 


ion An atom that has a net positive or negative charge. 


joule (J) The SI unit of energy. 


junction A point at which two or more components are con- 
nected. 


kilowatt-hour (kWh) A large unit of energy used mainly by util- 
ity companies. 

Kirchhoff’s current law A law stating that the total current into a 

node equals the total current out of the node. Equivalently, the alge- 
braic sum of all the currents entering and leaving a node is zero. 


Kirchhoff’s voltage law A law stating that (1) the sum of the 
voltage drops around a single closed path equals the source volt- 
age in that loop or (2) the algebraic sum of all the voltages (drops 
and sources) around a single closed path is zero. 


lag Refers to a condition of the phase or time relationship of 
waveforms in which one waveform is behind the other in phase or 
time. 


lead Refers to a condition of the phase or time relationship of 
waveforms in which one waveform is ahead of the other in phase 
or time; also, a wire or cable connection to a device or instrument. 


leading edge The first step or transition of a pulse. 


Lenz’s law A law that states when the current through a coil 
changes, the polarity of the induced voltage created by the 
changing magnetic field is such that it always opposes the change 
in current that caused it. The current cannot change instanta- 
neously. 


linear Characterized by a straight-line relationship. 
line current The current through a line feeding a load. 


lines of force Magnetic flux lines in a magnetic field radiating 
from the north pole to the south pole. 


line voltage The voltage between lines feeding a load. 


load An element (resistor or other component) connected across 
the output terminals of a circuit that draws current from the 
source; an element in a circuit upon which work is done. 


loop A closed current path in a circuit. 


loop current A current assigned to a circuit purely for the pur- 
pose of mathematical analysis and not normally representing the 
actual physical current. 


low-pass filter A type of filter that passes all frequencies below a 
critical frequency and rejects all frequencies above that critical 
frequency. 


magnetic coupling The magnetic connection between two coils 
as a result of the changing magnetic flux lines of one coil cutting 
through the second coil. 


magnetic field A force field radiating from the north pole to the 
south pole of a magnet. 


magnetic field intensity The amount of mmf per unit length of 
magnetic material; also called magnetizing force. 


magnetic flux The lines of force between the north and south 
poles of a permanent magnet or an electromagnet. 


magnetic flux density The amount of flux per unit area perpen- 
dicular to the magnetic field. 


magnetomotive force (mmf) The cause of a magnetic field, 
measured in ampere-turns. 


magnitude The value of a quantity, such as the number of volts 
of voltage or the number of amperes of current. 


matrix An array of numbers. 


maximum power transfer A transfer of maximum power from a 
source to a load when the load resistance equals the internal 
source resistance. 


metric prefix An affix that represents a power-of-ten number ex- 
pressed in engineering notation. 


multimeter An instrument that measures voltage, current, and re- 
sistance. 


mutual inductance The inductance between two separate coils, 
such as in a transformer. 


neutron An atomic particle having no electrical charge. 


node A point in a circuit where two or more components are con- 
nected; also known as a junction. 


Norton’s theorem A method for simplifying a two-terminal lin- 
ear circuit to an equivalent circuit with only a current source in 
parallel with a resistance or impedance. 


nucleus The central part of an atom containing protons and neu- 
trons. 


Ohm (©) The unit of resistance. 
Ohmmeter An instrument for measuring resistance. 


Ohm’s law A law stating that current is directly proportional to 
voltage and inversely proportional to resistance. 


open A circuit condition in which there is not a complete current 
path. 


open circuit A circuit in which there is not a complete current path. 


oscillator An electronic circuit that produces a time-varying sig- 
nal without an external input signal using positive feedback. 


oscilloscope A measurement instrument that displays signal 
waveforms on a screen. 


parallel The relationship in electric circuits in which two or more 
current paths are connected between two separate nodes. 


parallel resonance A condition in a parallel RLC circuit in which 
the reactances ideally are equal and the impedance is maximum. 


passband The range of frequencies passed by a filter. 


peak-to-peak value The voltage or current value of a waveform 
measured from its minimum to its maximum points. 
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peak value The voltage or current value of a waveform at its 
maximum positive or negative points. 


period (7) The time interval of one complete cycle of a periodic 
waveform. 


periodic Characterized by a repetition at fixed-time intervals. 


permeability The measure of ease with which a magnetic field 
can be established in a material. 


phase The relative angular displacement of a time-varying quan- 
tity with respect to a given reference. 


phase current (Jj) The current through a generator winding. 
phase voltage (V9) The voltage across a generator winding. 
phasor A representation of a sine wave in terms of its magnitude 
(amplitude) and direction (phase angle). 

photoconductive cell A type of variable resistor that is light- 
sensitive. 

photovoltaic effect The process whereby light energy is con- 
verted directly into electrical energy. 

plezoelectric effect The property of a crystal whereby a changing 
mechanical stress produces a voltage across the crystal. 


polar form One form of a complex number made up of a magni- 
tude and an angle. 


potentiometer A three-terminal variable resistor. 

power The rate of energy usage. 

power factor The relationship between volt-amperes and true 
power or watts. Volt-amperes multiplied by the power factor 
equals true power. 

power of ten A numerical representation consisting of a base of 
10 and an exponent; the number 10 raised to a power. 

power rating The maximum amount of power that a resistor can 
dissipate without being damaged by excessive heat buildup. 
power supply A device that provides power to a load. 

primary winding The input winding of a transformer, also called 
primary. 

proton A positively charged atomic particle. 

pulse A type of waveform that consists of two equal and opposite 
steps in voltage or current separated by a time interval. 


pulse repetition frequency The fundamental frequency of a 
repetitive pulse waveform; the rate at which the pulses repeat 
expressed in either hertz or pulses per second. 


pulse width (ty) For a nonideal pulse, the time between the 50% 
points of the leading and trailing edges; the time interval between 
the opposite steps of an ideal pulse. 


quality factor (Q) The ratio of true power to reactive power in 
a resonant circuit or the ratio of inductive reactance to winding 
resistance in an inductor. 


radian A unit of angular measurement. There are 27 radians in 
one complete 360° revolution. One radian equals 57.3°. 


ramp A type of waveform characterized by a linear increase or 
decrease in voltage or current. 


RC time constant A fixed time interval set by the values of R and 
C that determines the time response of a series RC circuit. It 
equals the product of the resistance and the capacitance. 
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reactive power The rate at which energy is alternately stored and 
returned to the source by a capacitor or inductor. The unit is the VAR. 
real number A number that exists on the horizontal axis of the 
complex plane. 

rectangular form One form of a complex number made up of a 
real part and an imaginary part. 

rectifier An electronic circuit that converts ac into pulsating de; 
one part of a power supply. 

reference ground A method of grounding whereby a large con- 
ducive area on a printed circuit board or the metal chassis that 
houses the assembly is used as the common or reference point. 
reflected load The load as it appears to the source in the primary 
of a transformer. 

reflected resistance The resistance in the secondary circuit re- 
flected into the primary circuit. 

relay An electromagnetically controlled mechanical device in 
which electrical contacts are opened or closed by a magnetizing 
current. 

reluctance The opposition to the establishment of a magnetic 
field in a material. 

resistance Opposition to current. The unit is the ohm (Q). 
resistor An electrical component specifically designed to have a 
certain amount of resistance 

resolution The smallest increment of a quantity that a DMM can 
measure. 

resonance A condition in a series RLC circuit in which the ca- 
pacitive and inductive reactances are equal in magnitude; thus, 
they cancel each other and result in a purely resistive impedance. 
resonant frequency The frequency at which resonance occurs; 
also known as center frequency. 

retentivity The ability of a material, once magnetized, to main- 
tain a magnetized state without the presence of a magnetizing 
force. 

rheostat A two-terminal variable resistor. 

ripple voltage The variation in the dc voltage on the output of a 
filtered rectifier caused by the slight charging and discharging ac- 
tion of the filter capacitor. 

rise time (f,) The time interval required for a pulse to change 
from 10% to 90% of its amplitude. 

rising edge The positive-going transition of a pulse. 

RL time constant A fixed time interval set by the values of R and 
L that determines the time response of a circuit and is equal to L/R. 
roll-off The rate of decrease of a filter’s frequency response. 
rms value The value of a sinusoidal voltage that indicates its 
heating effect, also known as the effective value. It is equal to 
0.707 times the peak value. rms stands for root mean square. 
rotor The rotating assembly in a generator or motor. 


sawtooth wayeform A type of electrical waveform composed of 
ramps; a special case of a triangular waveform in which one ramp 
is much shorter than the other. 

schematic A symbolized diagram of an electrical or electronic 
circuit. 


scientific notation A system for representing any number as a 
number between | and 10 times an appropriate power of ten. 
secondary winding The output winding of a transformer; also 
called secondary. 

Seebeck effect The generation of a voltage at the junction of two 
different materials that have a temperature difference between 
them. 

selectivity A measure of how effectively a resonant circuit passes 
certain desired frequencies and rejects all others. Generally, the 
narrower the bandwidth, the greater the selectivity. 
semiconductor A material that has a conductance value between 
that of a conductor and an insulator. Silicon and germanium are 
examples. 

series In an electric circuit, a relationship of components in 
which the components are connected such that they provide a sin- 
gle current path between two points. 

series resonance A condition in a series RLC circuit in which the 
reactances ideally cancel and the impedance is minimum. 

shell The orbit in which an electron revolves. 

short A circuit condition in which there is a zero or abnormally 
low resistance path between two points; usually an inadvertent 
condition. 

SI_ Standardized international system of units used for all engi- 
neering and scientific work; abbreviation for French Le Systéme 
International d’Unités. 

siemens (S) The unit of conductance. 

simultaneous equations A set of n equations containing n un- 
knowns, where n is a number with a value of 2 or more. 

sine wave A type of waveform that follows a cyclic sinusoidal 
pattern defined by the formula y = A sin 0. 

solenoid An clectromagnetically controlled device in which the 
mechanical movement of a shaft or plunger is activated by a mag- 
netizing current. 

solenoid valve An electrically controlled valve for control of air, 
water, steam, oils, refrigerants, and other fluids. 

source A device that produces electrical energy. 

speaker An clectromagnetic device that converts electrical 
signals to sound waves. 

squirrel-cage A type of ac induction motor. 

stator The stationary outer part of a generator or motor. 

steady state The equilibrium condition of a circuit that occurs 
after an initial transient time. 

step-down transformer A transformer in which the secondary 
voltage is less than the primary voltage. 

step-up transformer A transformer in which the secondary volt- 
age is greater than the primary voltage. 

superposition theorem A method for the analysis of circuits 
with more than one source. 

switch An electrical device for opening and closing a current 
path. 


tank circuit A parallel resonant circuit. 
tapered Nonlinear, such as a tapered potentiometer. 


temperature coefficient A constant specifying the amount of 
change in the value of a quantity for a given change in tempera- 
ture. 

terminal equivalency The concept that when any given load re- 
sistance is connected to two sources, the same load voltage and 
load current are produced by both sources. 

tesla (T) The SI unit of flux density. 


thermistor A type of variable resistor that is temperature-sensiti 


thermocouple A thermoelectric type of voltage source com- 
monly used to sense temperature. 


Thevenin’s theorem A method for simplifying a two-terminal 
linear circuit to an equivalent circuit with only a voltage source in 
series with a resistance or impedance. 


time constant A fixed-time interval, set by R and C, or R and L 
values, that determines the time response of a circuit. 


tolerance The limits of variation in the value of a component. 
trailing edge The second step of transition of a pulse. 
transformer An electrical device constructed of two or more 
coils (windings) that are electromagnetically coupled to each other 
to provide a transfer of power from one coil to another. 

transient time An interval equal to approximately five time 
constants. 

triangular waveform A type of electrical waveform that consists 
of two ramps. 

trigger The activating signal for some electronic devices or in- 
struments. 

trimmer A small variable capacitor. 

troubleshooting A systematic process of isolating, identifying, 
and correcting a fault in a circuit or system. 

true power The power that is dissipated in a circuit, usually in 
the form of heat. 

turns ratio () The ratio of turns in the secondary winding to 
tums in the primary winding. 
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unbalanced bridge A bridge circuit that is in the unbalanced 
state as indicated by a voltage across the bridge that is propor- 
tional to the amount of deviation from the balanced state. 


yalance Related to the outer shell or orbit of an atom. 


valence electron An electron that is present in the outermost 
shell of an atom. 


VAR (volt-ampere reactive) The unit of reactive power. 


yaractor A semiconductor device that exhibits a capacitance char- 
acteristic that is varied by changing the voltage across its terminals. 


volt The unit of voltage or electromotive force. 


voltage The amount of energy per charge available to move elec- 
trons from one point to another in an electric circuit. 


voltage divider A circuit consisting of series resistors across 
which one or more output voltages are taken. 


voltage drop The decrease in voltage across a resistor due to a 
loss of energy. 

voltage source A device that provides a constant voltage for a 
varying load. 

yoltmeter An instrument used to measure voltage. 


Watt (W) The unit of power. One watt is the power when 1 J of 
energy is used in 1 s. 

Watt’s law A law that states the relationships of power to current, 
voltage, and resistance. 

waveform The pattern of variations of a voltage or current show- 
ing how the quantity changes with time. 

weber The SI unit of magnetic flux, which represents 10° lines. 
Wheatstone bridge A 4-legged type of bridge circuit with which 
an unknown resistance can be accurately measured using the bal- 
anced state of the bridge. Deviations in resistance can be mea- 
sured using the unbalanced state. 


winding The loops or turns of wire in an inductor. 
wiper The sliding contact in a potentiometer. 


Absolute permittivity, 473 
Absolute value, 727 
AC coupling, 504, 571, 651 
Accuracy, 53 
Admittance, 628, 661, 692, 741 
Alarm system, 398 
Alternating current, 406-453 
Alternation, 407 
Alternator, 413 
Ammeter, 49, 62, 200 
Ampere, 24, 62 
Ampere-hour, 108, 110 
Ampere-turn, 378, 400 
Amplifier, 305, 309, 360, 511, 571, 658 
Amplifier, tuned, 761 
Amplitude, 414, 453 
Amplitude modulation (AM), 450. 
Analog multimeter, 53, 104, 200, 246 
Analog oscilloscope, 444 
Angle. 419, 427, 602 
Angular measurement, 419-423 
Angular velocity, 430, 453 
Antenna, 577, 762 
APM (Analysis, Planning, and 
Measurement) method, 84, 655, 711 
Apparent power, 581, 591, 643, 644, 
661, 702 

Arbitrary waveform generator, 414 
Atom, 17, 62 
Atomic number, 18 
Attenuation, 647, 781, 801 
Audio, 384 
Automotive application, 200, 394 
Autoranging, 52 
Autotransformer, 585 
Average value, 417, 438, 453 
AWG (American Wire Gauge), 45, 62 
Axis 

imaginary, 602 

real, 602 


Balanced bridge, 253, 264 

Balanced load, 891, 908 

Bandwidth, 650, 651, 661, 757-761, 790 
Bar graph, 50 

Baseline, 436, 438 

Battery, 27, 108 


Bias voltage, 143, 505, 651 
Bipolar voltage divider, 244 
Bleeder current, 242, 264 

Bode plot, 782, 80] 

Body resistance, 56 

Bohr model, 17 

Branch, 173, 212, 235, 344, 362, 810 
Branch current method, 344-346 
Breakdown voltage, 471 

Bridge circuit, 253-257, 300, 316 
Bridged-T, 351, 358 

Brushes, 396 

Bypass capacitor, 505 


Calculator, 9, 185, 341, 410, 419, 
424, 490 
Capacitance, 468, 480, 485 
Capacitive reactance, 498-500, 513, 610, 
727, 729, 737 
Capacitive susceptance, 627, 
661, 741 
Capacitor, 466-513 
aluminum, 477 
blocking, 487, 504 
bypass, 505 
ceramic, 475 
coupling, 504 
electrolytic, 477 
fixed, 474 
mica, 474 
plastic-film, 476 
polarized, 477 
tantalum, 477 
trimmer, 478 
variable, 477 
Capacitor charging, 486, 489, 843 
Capacitor discharging, 487, 489, 843 
Capacitor labeling, 479 
Carbon composition resistor, 33 
Cathode ray tube (CRT), 443 
Cell, 27 
Center tap, 582, 591 
CGS, 374 
Characteristic determinant, 337 
Charge, 21-22, 24, 63, 106, 467, 507 
Chlorine atom, 22 
Choke, 551 


Circuit, 40-49, 63 
capacitive, 480-510 
closed, 42, 63, 134 
equivalent, 286, 296, 306, 816, 822, 
828, 834 
inductive, 533, 534, 677-716, 737 
open, 42, 63, 151, 156, 204, 587, 653, 
710, 873, 875 
parallel, 172-212, 484-486, 626-634, 
691-697, 740-748 
RC, 488, 600-662, 780, 786, 843, 
849, 854 
resonant, 729, 733-739, 745-748, 768, 
769, 792, 793, 796, 797 
RL, 536, 540, 677-716, 783, 788, 
861, 866 
RLC, 726-769 
series, 117-156, 610-625, 678-690, 
727-139 
series-parallel, 226-265, 635-641, 
698-701, 749-756 
short, 152-154, 156, 208, 307, 587, 
654, 828 
tuned, 552, 761 
Circuit breaker, 44 
Circular mil, 45 
Closed circuit, 42, 63, 134 
Coefficient, 335 
Coefficient of coupling, 564 
Coercive force, 389 
Coil, 526, 564 
Color code, resistor, 34-37 
Common, 47, 146 
Commutator, 395 
Complex conjugate, 829, 834 
Complex number, 601-610 
polar form, 605, 662 
rectangular form, 605, 662 
Complex plane, 602, 661 
Computer memory, 506 
Conductance, 25, 63, 184, 627, 692, 741 
Conductor, 20, 63 
Contact resistance, 209 
Conventional current direction, 41 
Coordinate, 603 
Copper, 19, 890 
Core loss, 579 


Core, magnetic, 528, 566 

Coulomb, 21, 23, 63, 468 

Coulomb's law, 470, 513 

Coupling, 447, 504, 651 

Crankshaft position sensor, 394 

Current, 23-24, 25, 29-31, 41, 50, 63, 73, 
7A, 76, 77-80, 118, 120-122, 173, 
178-182, 192, 234, 242, 289, 307, 
344, 347, 375, 415, 487, 507, 530, 
536, 543, 616, 631, 683, 695, 735, 
743, 747, 810 

Current direction, 41 

Current divider, 193-197, 212 

Current source, 29-31, 63, 192, 283-285, 
287, 306, 309, 825 

Current tracer, 208 

Cycle, 407, 453 


d’Arsonval movement, 385 

DC blocking, 504 

DC component, 870, 878 

DC generator, 29, 395-397 

Decade, 782, 801 

Decibel, 779 

Decoupling, 505 

Degree, 419, 453 

A-connected generator, 896 

A-A system, 904 

A-Y conversion, 313 

A-Y system, 902 

Derivative, 497 

Derived unit, 2 

Determinant, 337-344, 362 

Dielectric, 467, 487, 500, 513 

Dielectric constant, 472 

Dielectric strength, 471 

Differentiator, 854-861, 866-870, 871, 878 

Digital oscilloscope, 445 

Digital-to-analog conversion, 250 

DMM (digital multimeter), 51, 63, 
104, 246 

DPDT (double-pole-double-throw) 
switch, 43 

DPST (double-pole-single-throw) 
switch, 43 

Duty cycle, 438, 453 


Earth ground, 47 

Eddy current, 579 

Effective value, 417 

Efficiency, 108, 110, 581 

Electrical charge, 21-22, 24, 63, 106, 
467, 507 

Electrical units, 3 

Electrical safety, 55-57 

Electrical shock, 55, 63 

Electric circuit, 40-49 

Electric field, 21, 500 

Electrode, 27 

Electrolyte, 27 


Electromagnet, 380 

Electromagnetic field, 375, 400, 526, 
530, 564 

Electromagnetic induction, 29, 390-394, 
400, 527 

Electromagnetism, 375-380, 400 

Electromotive force, 26 

Electron, 17, 19, 21, 63 

Electron charge, 21 

Electron flow direction, 41 

Element, 17 

Energy, 18, 23, 98-99, 106, 111, 470, 500, 
527, 579 

Energy level, 18, 19 

Engineering notation, 7-9, 12 

Equivalent circuit, 286, 296, 306, 816, 
822, 828, 834 

Expansion method for determinants, 339 

Exponent, 4, 12 

Exponential curve, 489, 492, 493, 536, 
537, 539, 853 


Fall time, 437, 453, 872 
Farad, 468, 513 
Faraday’s law, 393, 400, 530, 579 
Ferromagnetic, 374, 528 
Field winding, 888, 908 
Filter, 503, 504, 648-651, 661, 705, 
778-801 
band-pass, 790-794, 801 
band-stop, 795-798, 801 
high-pass, 649, 706, 786-790, 
801, 871 
low-pass, 648, 705, 779-785, 801, 871 
power-supply, 503, 504 
resonant, 792, 793, 796, 797 
signal, SOS 
Flux, magnetic, 371 
Flux density, 372 
Free electron, 19, 24, 63 
Frequency, 410-411, 413, 453, 498, 547, 
617, 650, 684, 735, 746, 849, 
870-872 
break, 779 
center, 757, 801 
critical, 757, 779, 786, 801 
cutoff, 650, 661, 757, 779 
fundamental, 441, 453 
half-power, 759, 768 
-3 dB, 757, 779 
resonant, 735, 745, 746, 
768, 792 
Frequency response, 649, 661, 
706-708, 870 
Full-scale deflection current, 201 
Full-wave rectifier, 503 
Function generator, 295, 414, 453 
Fundamental frequency, 441, 453 
Fundamental unit, 2 
Fuse, 44 
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Galvanometer, 254 
Gauss, 374 
Germanium, 20 
Generator, 29, 391 
AC, 412-414, 419, 888, 889-898 
DC, 29, 395-397 
Giga (G), 8 
Graph, 75, 76, 492 
exponential, 489, 492, 493, 536, 537, 539 
logarithmic, 490, 779, 781, 782 
Ground, 47-49, 63, 146, 147 
Ground loop, 550 


Half-power frequency, 759, 768 
Half-splitting, 86, 152 
Half-wave rectifier, 503 
Harmonics, 441, 453 
Helium atom, 18 

Henry (H), 527, 555 
Hertz (Hz), 410, 453 
Horsepower, 98 
Hydrogen atom, 22 
Hypotenuse, 427 
Hysteresis, 388-390, 400 
Hysteresis loss, 579 


Imaginary axis, 602 
Imaginary number, 603, 662 
Impedance, 576, 611-613, 626-629, 638, 
662, 679, 684, 691-694, 727, 737, 
746, 819, 827 
Impedance matching. 576-578, 591 
Impedance triangle, 612, 633, 679 
Induced current, 391, 400 
Induced voltage, 390-391, 400, 527, 
530, 555 
Inductance, 527, 555 
Induction, electromagnetic, 29, 390-394, 
400, 527 
Inductive reactance, 546-547, 555, 678, 
716, 729 
Inductive susceptance, 692, 716, 741 
Inductor, 525-555 
parallel, 534 
series, 533 
Instantaneous power, 501, 513, 549 
Instantaneous value, 415, 426, 
453, 497 
Insulator, 20, 63 
Integrator, 843-854, 861-866, 
871, 878 
Internal resistance of a voltmeter, 246 
Inverse tangent, 612 
Ton, 19, 22 
Tonization, 19 
Isolation, electrical, 564, 571 


J operator, 602, 604 
Joule, 23, 98, 111 
Junction, 178, 212 
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Kilo (kK), 8 

Kilohm (kQ), 77, 81 

Kilovolt (kV), 79 

Kilowatt (kW), 98 

Kilowatt-hour (kWh), 99, 111 

Kirchhoff’s current law, 178-182, 212, 
235, 356, 432, 484 

Kirchhoff’s voltage law, 133-137, 156, 
236, 347, 480, 616 


Ladder network, 247-252 

Lag, 421, 620, 687 

Laser, 386 

LCD (liquid-crystal display), 52 

LCR meter, 479 

Lead, 422, 610, 623, 685 

Lead-acid cell, 27 

Leakage, 471, 580, 654, 874 

LED (light-emitting diode), 52 

Lenz’s law, 393, 400, 530 

Light meter, 309 

Linear, 38, 74, 89 

Line current, 894, 908 

Lines of force, 21, 371, 375, 400, 
470, 564 

Line voltage, 894, 908 

Line spectrum, 18 

Load, 41, 63, 107, 240, 282, 284, 311, 
572, 576, 704, 755, 899 

Load cell, 257 

Loading effect of a voltmeter, 245-247 

Logarithmic, 779 

Loop, 344, 362, 413 

Loop current method, 347-353 


Magnetic coupling, 566, 591 

Magnetic disk, 385 

Magnetic domain, 374 

Magnetic field, 29, 371-375, 388, 400, 
412, 530, 888, 889 

Magnetic field intensity, 388 

Magnetic flux, 371, 400, 579 

Magnetic flux density, 372 

Magnetic hysteresis, 388-390 

Magnetic pole, 371 

Magnetic switch, 374 

Magnetic units, 3 

Magnetizing force, 388 

Magnetomotive force (mmf), 378, 400 

Magneto-optical disk, 386 

Magnitude, 416, 622, 624, 687, 689 

Matrix, 337, 362 

Maximum power transfer theorem 
310-313, 320, 829-832 

Measurement, 2, 49-55, 86, 146, 205, 206, 
255, 303, 479, 638, 639, 906 

Mega (M), 8 

Megawatt (MW), 98 

Megohm (MQ), 81 

Mesh current method, 347 


Meter movement, 201, 385 
Metric prefix, 8, 12, 77, 81, 83 
Metric unit conversions, 10-11 
Mho, 25 

Micro (y), 8 

Microampere (uA), 10, 78, 83 
Microfarad (uF), 11 

Microvolt (uV), 10 

Microwatt (iW), 98 

Mil, 45 

Milli (m), 8 

Milliamperes (mA), 9, 78, 81 
Millivolt (mV), 10 

Milliwatt (mW), 98 

Motor, 392, 889 

Motor action, 392 

Multimeter, 49, 53 
Multiple-source circuit, 289 
Multiple-winding transformer. 584 
Mutual inductance, 564-565, 591 


Nano (n), 8 
Nanoampere (nA), 10 
Natural logarithm, 494 
Negative charge, 17, 22 
Negative number, 601 
Neutral atom, 18, 19 
Neutron, 17 
Node, 178, 212, 344, 362 
Node voltage method, 353-359 
Noise 
conductive, 550 
radiated, 551 
Noise suppression, 550 
Nonsinusoidal waveforms, 436-442 
Norton’s theorem, 306-310, 320, 
825-828, 834 
Nucleus, 17 


Ohm, 25, 63 

Ohmmeter, 49, 63, 104 

Ohm's law, 72-89, 126-130, 188-192, 
253, 379, 432, 499, 508, 547, 614, 
629, 682 

Ohm’s law for magnetic circuits, 379 

Open circuit, 42, 63, 151, 156, 204, 587, 
653, 710, 873, 875 

Open circuit voltage, 281, 296, 816 

Operational amplifier, 360 

Orbit, 18 

Oscillator, 414, 453, 648 

Oscilloscope, 443-449, 453, 639 


Parallel circuits 
capacitive, 484-486 
inductive, 534 
RC, 626-634 
resistive, 172-212 
resonant, 743, 745-748, 758, 
792, 793 


RL, 691-697 
RLC, 726-769 
Parallel notation, 187 
Parallel resonance, 745-748, 768, 793, 797 
Parallel-to-series conversion, 632 
Passband, 779, 801 
Peak-to-peak value, 416, 453 
Peak value, 416, 453 
Period, 408-409, 410, 453 
Periodic, 406, 437, 453, 849 
Periodic table, 18 
Permeability, 377, 400, 528 
Phase, 421, 453, 497, 545, 610, 616, 620, 
631, 639, 646, 683, 684, 685, 688, 
695, 738, 747, 785, 789 
Phase current, 894, 908 
Phase dot, 568 
Phase shift, 424, 610, 646, 785, 789 
Phase voltage, 894, 908 
Phasor, 425-430, 453, 605 
Photoconductive cell, 39, 309 
Photovoltaic effect, 28 
Pi(m), 419 
Pico (p), 8 
Picofarad (pF), 11 
Picowatt (pW), 98 
Piezoelectric sensor, 29 
Plate, capacitor, 467, 472 
Polar form, 605, 662 
Polarity, 21, 391, 407, 477 
Pole, magnetic, 375 
Pole, switch, 42 
Positive charge, 22 
Positive number, 601 
Potential difference, 23 
Potentiometer, 38, 63, 141 
Power, 98, 100-102, 111, 144-146, 
197-199, 432, 500, 548, 573, 
642-646, 702-705, 889, 905, 906 
apparent, 581, 591, 643, 644, 661, 702 
instantaneous, 501, 513, 549 
reactive, 501, 513, 549, 642, 702 
true, 501, 513, 549, 642, 702 
Power dissipation, 102 
Power factor, 643, 662, 703, 704 
Power loss, 108 
Power rating, 102-105, 581 
Powers of ten, 4, 12 
Power supply, 29, 107-109, 111, 208, 503, 
589, 708 
Power triangle, 642, 702 
Power transfer, 310-313 
Primary, 566, 587, 591 
Probe, oscilloscope, 448 
Product-over-sum, 185 
Proton, 17 
Pulse, 436, 453, 844. 855, 859, 862, 867, 
870-873 
Pulse repetition frequency, 437 
Pulse width, 436, 437, 453, 845 


Pulser, 208, 
Push-button switch, 43 
Pythagorean theorem, 606 


Quadrant, 602 

Quality factor (Q). 549, 555, 747, 756, 
759, 792 

Quantum number, 19 


Radian, 419, 453 
Radian/degree conversion, 420 
Radio receiver, 142, 450, 762, 765 
Ramp, 439, 453 
Range switch, 104, 202 
RC circuit, 488, 600-662, 780, 786, 843, 
849, 854 
Reactance 
capacitive, 498-500, 513, 610, 734 
inductive, 546-547, 555, 734 
Reactive power, 501, 513, 549 
Read/write head, 385 
Real axis, 602 
Real number, 602, 662 
Rectangular form, 605, 662 
Rectifier, 503 
Reference ground, 47, 146, 156 
Reflected load, 574-575 
Reflected resistance, 574, 591 
Relative permeability, 377 
Relative permittivity, 473 
Relay, 382-383, 400 
Reliability band, 36 
Reluctance, 377, 400 
Residential application, 200 
Resistance, 25, 46, 51, 63, 75, 76, 82-84, 
122-126, 182, 209, 233, 281, 283, 
296, 308, 529 
Resistivity, 47 
Resistor, 32-40, 63 
carbon-composition, 33 
chip, 33 
emulated, 508 
film, 33, 103 
fixed, 32 
power, 103 
variable, 38-40 
wire-wound, 33 
Resistor color code, 34-37 
Resistor failure, 36, 104 
Resistor label code, 37 
Resistor network, 33 
Resistor power rating, 32, 102-105 
Resistor reliability, 36 
Resistor tolerance, 33 
Resolution, 52 
Resonance 
parallel, 745-748, 768, 793, 797 
series, 729, 733-739, 769, 792, 796 
Resonant circuit Q, 747, 756, 759 
Response curve, 781, 787 


Retentivity, 389, 400 

RF choke, 551 

Rheostat, 38, 63, 304 

Right-hand rule, 376 

Right triangle, 427 

Ripple voltage, 504, 513 

Rise time, 437, 453, 872 

RL circuit, 536, 540, 677-716, 783, 788, 
861, 866 

RLC circuit, 726-769 

RMS value, 417, 453 

Roll-off, 781, 801 

Root mean square, 417, 453 

Rotary switch, 43 

Rotor, 888, 908 

RI2R ladder, 250 


Safety, 55-57 
Sawtooth waveform, 439, 441 
Schematic, 42 
Schroedinger, 19 
Scientific notation, 4~7, 12 
Secondary, 566, 587, 591 
Second-order equation, 335 
Seebeck effect, 29 
Selectivity, 759, 768 
Self-inductance, 527 
Semiconductor, 20, 63 
Sensitivity factor, 246 
Series circuits 
capacitive, 480-484 
inductive, 533 
RC, 610-625 
resistive, 117-156 
resonant, 733-739, 792, 796 
RL, 678-690 
RLC, 727-39 
Series-parallel circuits, 226-265, 635-641, 
698-701, 749-756 
Series-parallel to parallel conversion, 752 
Series resonance, 729, 733-739, 769, 
792, 796 
Shell, 18 
Shock, 55 
Short circuit, 152-153, 156, 208, 307, 654, 
587, 711, 875 
Short-circuit current, 307 
Shunt resistor, 201, 209 
Siemens (S), 25, 63, 628 
Signal generator, 414 
Silicon, 20 
Silver, 20 
Simultaneous equations, 335-344, 362 
Sine wave, 407-411, 453, 497 
Single phase, 890 
SI units, 2, 12, 372 
Sinusoidal response, 610-613, 678-679 
Sinusoidal waveform, 407-411 
Slip ring, 412 
Solar cell, 28 
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Solenoid, 381, 400 

Solenoid valve, 381 

Source, 26, 192, 311, 412-415, 810, 899 

Source conversion, 285-288 

SPDT (single-pole—double-throw) switch, 42 

Speaker, 383, 400 

SPST (single-pole-single-throw) switch, 42 

Square wave, 438, 495, 849 

Squirrel-cage, 889 

Stator, 889, 908 

Steady-state, 851, 878 

Step, 436 

Strain gauge, 256 

Static electricity, 21 

Superheterodyne, 763 

Superimposed voltages, 434 

Superposition theorem, 288-295, 320, 
810-815, 834 

Surface-mount technology, 33 

Susceptance, 627, 692, 741 

Sweep voltage, 441 

Switch, 42, 509 

Switched capacitors, 507-510 

Switching regulator, 708-709 


Tank circuit, 746, 755, 769, 793, 797 
Tap. 582 
‘Tape read/write head, 385 
‘Taper, 39 
‘Television, 577, 763 
‘Temperature coefficient, 39, 471 
Temperature controller, 262 
‘Temperature measurement, 255 
Tera (T), 8 
Terminal equivalency, 286, 297, 320 
Tesla (T), 372, 400 
Thermistor, 39, 255, 263, 319 
Thermocouple, 29 
Thevenin’s theorem, 295-306, 320, 495, 
815-825, 834 
Three-phase systems, 887-908 
Three-wattmeter method, 906 
Throw, 42 
Time constant, 488, 493, 536-538, 555, 
844, 845, 849, 851, 878 
‘Time response, 842-878 
Timing circuit, 506, 876 
Toggle switch, 44 
‘Tolerance, 33 
Transducer, 255 
Transformer, 563-591 
air-core, 566 
auto, 585 
double-tuned, 762 
ferrite-core, 566 
iron-core, 567 
multiple-winding, 584 
step-down, 570. 
step-up, 569 
tapped, 582 
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‘Transformer efficiency, 581 

‘Transformer power rating, 581 

Transient time, 489, 845, 878 

Transistor, 305 

Triangular waveform, 439, 440 

Trigger, 446 

‘Troubleshooting, 84-87, 89, 150-154, 
204-208, 258-261, 587-588, 
653-658, 709-713, 873-876 

True power, 501, 513 

‘Tuned circuit, 552, 761 

Turns ratio, 568, 591 

Two-wattmeter method, 907 


Unbalanced bridge, 255, 265 
Units, electrical, 3 

Units, magnetic, 3 

Units, ST, 3 

Universal exponential curve, 492 


Valence electron, 19, 22 
Valence shell, 19 
Varactor, 479 

Variac, 585 


Vector, 426 

Volt, 23, 63 

Voltage, 23, 50, 63, 73, 74, 80-82, 176-178, 
353, 390, 414, 415, 483, 540, 616, 
622, 624, 631, 683, 695, 735, 844 

Voltage amplitude, 414, 453 

Voltage divider, 137-143, 156, 240-244, 
483 

Voltage drop, 106-107, 111, 139, 
151, 236 

Voltage rating, 471 

Voltage source, 26-29, 63, 130-133, 
281-283, 285, 287, 296, 412-415 

Volt-ampere (VA), 581 

Volt-ampere reactive (VAR), 501, 513 

Voltmeter, 49, 63 

Volume control, 142 


‘Watt, 98, 111, 644. 
‘Watt-hour, 99 

Wattmeter, 644, 906 
‘Watt's law, 101 

Waveform, 453 

Wave mechanics model, 19 


Weber (Wb), 372, 400 

Wheatstone bridge, 253-257, 265, 300, 
319, 349, 355 

Winding, 526, 555, 566 

Winding capacitance, 529, 580 

Winding resistance, 529, 579, 747 

Wiper, 38, 141 

Wire, 45-46 

Working voltage, 471 


X¢ (capacitive reactance), 498-500, 513, 
610 

X;, (inductive reactance), 546-547, 555, 
678, 716 


¥ (admittance), 628, 661, 692, 741 
Y-connected generator, 893 

Y-A conversion, 314 

Y-A system, 901 

Y-Y system, 899 


Z (impedance), 576, 611-613, 626-629, 
638, 662, 679, 684, 691-694, 727, 
737, 746, 819, 827 


